)
s
5
?

L3 Y
)5
£
55

National Technical University of Athens School

o ';g‘. SER S of Electri.cal and Computer Engineering Divis.ion:
-,-;A 3;:'} §ull i Information Transmission Systems and Material
T | E;E% Technology
A -, Ew

@
I
\

Technologies for the Development of Integrated
Oncosimulators

Ph.D. Dissertation

Nikolaos A. Christodoulou

Athens, July 2025






National Technical University of Athens
School of Electrical and Computer Engineering
Division: Information Transmission Systems
and Material Technology

Technologies for the Development of Integrated
Oncosimulators

Ph.D. Dissertation

Nikolaos A. Christodoulou

Three-member doctoral scientific committee :  Nikolaos K. Uzunoglu, Professor Emeritus NTUA

Georgios S. Stamatakos, Research Professor ICCS
— NTUA, Visiting Professor NTUA (2016 —2019)

Stefanos D. Kollias, Professor Emeritus NTUA

Approved by the seven-member doctoral scientific committee on the 29" July 2025

l\\/ﬁg//f % pot 5 et

Nikolaos Uzunoglu, Georgios Stamatakos, Stefanos Kollias,
Professor Emeritus NTUA Research Professor ICCS - NTUA, Professor Emeritus NTUA
Visiting Professor NTUA (2016-
2019)
4 //WFW é)ﬁ/)\
Dimitrios Soudris, Nektarios Koziris, Dimitra-Theodora Kaklamani,
Professor NTUA Professor NTUA Professor NTUA

Panayiotis Frangos,
Professor NTUA

Athens, July 2025



Nikolaos A. Christodoulou
PhD, National Technical University of Athens

Copyright © Nikolaos A. Christodoulou, 2025
All rights reserved.

You may not copy, reproduce, distribute, publish, display, modify, create derivative works,
transmit, or in any way exploit this thesis or part of it for commercial purposes. You may
reproduce, store or distribute this thesis for non-profit educational or research purposes,
provided that the source is cited, and the present copyright notice is retained. Inquiries for
commercial use should be addressed to the original author.

The ideas and conclusions presented in this paper are the author’s and do not necessarily
reflect the official views of the National Technical University of Athens.



Iepiinyn

YKomOG ™G TaPOVCAS SOAKTOPIKNG StpPng eivor n avamtuén Kot 1 TePypaPn
TEYVOAOYLOV dNovpyiog OAOKANPOUEVOY OYKOTPOGOUOIWTOV, ONANST YNOLOK®OV S100U®V
(digital twins) omv oykoloyia. H avéykn ywo pio tétrolo dadikacio TpokOTTEL amd TO
YEYOVOG OTL £VOL LOVTEAO TTPOCOUOIMONG KATA BACT TOPAUEVEL VO KOUUATL AOYIGHIKOV, TOV
omoiov 1 €16000¢ Kat 1 ££000G OTIC APYIKEG LOPPES TOV TVOLV UEV TNV ATOPOITNTI KAVIKN
TANPOPOPin TPOG EEAYMYT] GUUTEPACUATOV, TANV OUMOS Ol LOPQES OVTEG OEV Elvarl duesa 1)
€0KOAO OVOYVOGIEG KO KATAVONGULES €1TE amd TOV £pELVNTY, €lte amd TOV KAVIKS 10Tpo.

Q¢ TpOTOON YOl TV EMIAVGT AVTOV TOL CNUAVTIKOD {NTHHOTOG TOV EXEL OC OAMMTEPO
OKOTO TNV EPAPUOYY| €L TOV KAWVIKOV TEdion TG Vvolag TNG TPOo®TOToInuévg in silico
OITPIKNG, TPOTEIVETOL L0 VITOAOYIGTIKT LTOOOWY], TN Omoiag N PaCIK) AElTovpyIKOTHTA
EMKEVIPMOVETAL GTNV OTOONKELGT TOV YOPUKTNPIOTIKOV £VOG TPOGOUOIOTIKOD LOVTEAOL,
CUUTEPILAUPOAVOLEVOV KO TOV CYETIKOV EKTEAEGILMY KOL GUVOOEVTIK®V apYEI®V 0vTOY.
Apyd TopEYEToL Lol EI0AYMYY OTIG PACIKES apyES aVATTLENG Kot AELITOVPYIKOTNTOG HLOG
TETOWG VTOJOUNG, €V ToPOLCIALOVTOL TPOTEWVOUEVEG EMEKTAGES Y. TO YEPIGUO
ONUOGLOAOYIK®V OEO0UEVAOV, KOODS Kot KAMVIKGOV epotioewv. [lapdiinia, péoa amd ta
amoTEAEoUATO EMTVYNUEVOV Eupomaik®dv epeuvnTik®v TPoypoUIdTOV Topovstalovtal
oEVAPLOL YPONG TPOGOUOIMTIKMV HOVTEAW®V GTO, OTOi0. UTOPEL VoL GUVEICQEPEL 1| €V AOY®
vrodour|, ®ote vo Tpombnbel n petdPfoacn Tovg otV Kabnuepv] KAVIKY Tpasn, OnTmg Yo
napadelypo n xpion Tov OyKoTpocopolwt®v o Xvotiuoate Ymootnpitng KAiwikov
ATOQAGE®V.

2 ovvéyewn divetal pia Tp@TOTLAN VAOTOINGN NG Tpoavapepbeicag vTodounc.
[MepthapPdver v  wEPypop] TGOV  TEXVOAOYIDV KOL TEYVIKOV oyedioong  mov
YPNOUOTOOVVTAL, TO EXUEPOVS UEPT GTA OTOoia avTY| daywpileTal Kot 6To GEVAPLOL YPTONG
me. Katdémv mapovsialovror tor amoteAéopHaTo TG ¥PNONG TG VAOTOMNUEVNS EQPOPUOYNG
péca omd avtd to cevapla. TELog yivetow por chvtoun cvvoymn mov meprlauPdvel kot
UEALOVTIKEG EMEKTACELG.

AéCeic Kierona

Oykompocopoiwtig, In Silico Oykoroyia, In Silico ITatpikny AmoBetinpio Moviéhwv Kot
Agdopévov, Khvikn Epdton, Zootpa Yrnootpiéng Kiwvikdv Amopdcewv, oot
YroompiEng KAwvikdv Meketdv






Abstract

The purpose of this doctoral dissertation is to develop and document technologies
necessary for integrated Oncosimulators. i.e. digital twins in oncology. The need for these
processes arises from the fact that a simulation model basically remains a piece of software,
whose input and output in their original forms indeed provide the necessary clinical
information for drawing conclusions, but in a format not immediately or easily readable and
understandable by either the researcher or the clinician.

Within the context of solving this significant issue, which ultimately aims at the
clinical application of the concept of personalized in silico medicine, a computational
infrastructure is proposed. Its basic functionality focuses on storing the characteristics of a
simulation model, including its relevant executable and accompanying files. Initially, an
introduction to the basic principles of development and functionality of such an
infrastructure is provided, while proposed extensions for handling semantic data and clinical
questions are presented. At the same time, through the results of successful European
Commission funded research projects, use cases of simulation models to which the
aforementioned infrastructure can contribute are presented. These include Oncosimulators
and their transition to routine clinical practice in the form of Clinical Decision Support
Systems.

Subsequently, an original implementation of the aforementioned infrastructure is
provided. This includes a description of the design techniques and technologies used, the
individual parts into which it is divided, and its use cases. Furthermore, the results of using
the implemented application through these scenarios are presented. Finally, a brief
summary, including future extensions is provided.

Key Words

Oncosimulator, In Silico Omncology, In Silico Medicine, Model and Data Repositories,
Clinical Question, Clinical Decision Support System, Clinical Study Support System
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Extevc Ilepiinyn

H mapovoa didaktopikn dwatpipr] eppabivel otov topéa g in silico oykoloyiag kot
¢ in silico wTpikng eotidloviag oTIg TEXVOAOYiEG OV amALTOHVTOL Yo TNV AVATTLEN
oAokAnpouévav Oykorpocopolotdv. Ot tedevtaiol Bempodvionl ¢ TPONYUEVO YNOLoKA
S10LHOL TTOV GUUUETEXOVY OTNV KOTATOAEUNGN TOV KAPKIVOL, OYESACUEVE VO BEATIOVOVY
TOV TPOTO LE TOV Omoio o1 KAwikol yiaTpol Tpooeyyilovy €EATOUIKEVUEVES CTPOTNYIKEG
Oepancioc. To Pacikd mpdPAnua mov avipetomilelt vty 1N emoUn TNYAalel amd o
OepeMddn  TPOKANGN, €YYEVI] OE OMOOONTOTE HOVTEAO TPOCOUOIMONG: EVO T
aveneEEpyaoto dedopEva 16000V Kot €000V TEPEYOVV KAVIKY] YVAGT, GLTH GLYVA OgV
elvar Queca mpooPaciun 1 KOTOVONTH G€ €PELVNTEC 1 WTpovS. Avt M €AAewym
TPOoSPacOTNTAG EUTOSIEL ONUOVTIKA TNV GUECT) KAVIKY] EQOPUOYN TOV HOVTEA®YV GTNV
eCatopkevpévn in silico 1atpkn. IIpog kdAvyn avtod TOL KEVOL, N TOPOVLGH OlaTPP
poteivel Kol TOPAOETEL TIG AEMTOUEPEIEG VAOTOINONG WOG VTOAOYIGTIKNG VTOOOUNG, M
omoio. &tvor oyedouopévn Yy va omofnkevel Kot vo  daxelpiletor ToL  O0POPETIKA
YOPOUKTNPIOTIKE £VOG TPOCOUOIMTIKOD HOVIEAOL (TapAUETPOL, eKTEAEGILO opyEia, Pacikég
TEPLYPOUPIKEG  TANPOPOPIES, KTA.), GCUUTEPIAAUPAVOUEVOV Kol TOV  OEOOUEVOV  TMOV
EKTEAEGEWV TOVG,.

Ta apyikd kepdlota avtig TG epyaciog mapovotdlovv Tig Oepelmdelg apyég mov
OETOVV TO GYEOGUO, TNV LAOTOINGT Kol TIS AETOLPYIKOTNTEG OGS TETOLOG VITOJOUNG.
Kotomy mapatiBevior mpoTevOUeEVEG EMEKTAGEL TOL OTOGKOTOLV GTINV EVIGYLON TMOV
SVVOTOTHT®YV TOV GLUGTHIOTOG, KOl CUYKEKPIUEVO GTO XEPIOUO CNUACIOAOYIKAV dEJOUEVMV,
TOV OPIGHO KAMVIK®OV EPOTNUATOV Kol GYETIKOV OMAVINGE®V PACEL TOV YOPAKTNPIOTIKOV
TOV HOVTEA®V, KaOdS Kot TN dtoyeipton 0e00UEVOV TOAMOTAMY EKTEAEGEMV GTO TAAICLOL
pog  kKMvikng  doxkymg. H o mpoktikn  ypnowdmtoe OAOL  TOV  EYYEPNUOTOC,
coumepAapUPavoUEVOV TV OYKOTPOCOUOIWTOV TAPOLGIALETOL LEGO, A0 TO OTOTEAEGLOTO
EVPOTOTKADOV EPEVVNTIKMOV £PY®V. AVTA T TOPASETYUATO VITOOEIKVIOLV MG 1| TPOTEWVOUEVT
vrodoun umopel v ypnouevoslt ®¢ Pocikd cvoTATIKO NG HETAPAONG OVTOV TMOV
VTOAOYIOTIKOV EPYOAEIMV OO TO EPELVNTIKO EPYACTNPLO GTNV KaOnpeptvyy KAvikn Tpaén,
OOV UITOPOVV VO, AEITOVPYNGOVV G GLOTNUATO VTOGTNPIENG KAWIKOV oamopdoewyv. H
StpPn mwopovotdlel Exiong pio TPMOTOTLTN VAOTOINGT OVTNG TNG VITOJOOUNG, TOPEXOVTOG
L0 AETTOUEPT TEPLYPOUPT TOV TEYVIKMOV GYESINGHOV KOl TOV EPYOAEIOV OVATTLENG TOV
xpNoortomdnKay (YAOGCES TPOYPOUUOTIGUOV, KTA.), TNG OVAALONG NG o€ OluKpLtd,
Swyepiotpa otoryeion Kot po oAokANpopéVn €kBeon dapdpmv mepimttdcemv yxprnong pali
pe to amoteAéopatd tovg. H dwatpir] oAokAnpdvetol e L GUVOTTIKY TEPIANYM TV
EVPNUATOV KOl OKIAYPUPEL LEALOVTIKEG EMEKTAGELS KOl KATEVOVVGELS Y10 TEPUTEP® EPELVAL
Kot ovamTuén 6€ aVTOV ToV (OTIKO Yo TNV £vvola TG E0TOUIKEVIEVIC LULTPIKTG TOLEQ.

In Silico Oykoroyia: Opiopoc Kot 6TéYOL

H obyyxpovn oykoloyio mapovcidalel ofuepa oTpo@r] TPog TV €E0TOUIKELUEN
wTpIkn. Avty M petdfoocn mPog pol véo TPOoLyylon KoBodnyeital amd [ GLVEXMG
Babitepn kaTOVONOoN TOV TOAVTAOK®OV UNYOVIGH®V oTlG omoieg Paciletar o Kopkivos.
Méoca oe avtd to dvvouikd tomio, m in silico oykoloyio €xel avaderyBel wg évo TOAAG
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VTOCYOUEVO EMOTNUOVIKO TTedio. A&lomolel VTOAOYIOTIKY] LOVTEAOTOINGY KOl TPONYUEVES
TEYVIKES TPOGOUOIMONG Yo VO CUUTEPIAAPEL TNV PLOAOYIKG TOAVETITEON TOAVTAOKOTNTA
™G €EEMENG TOL KOPKIVOL Kot TNG avTamOKplong Tov otn Oepaneio, emitpénovtag £Tol TV
avamTuEn Kol €QOPUOYN EEATOUIKEVUEVOV GTPATNYIKOV OVTILETOMTIONG. O TpOTUpyIKOg
oTOY0C OLTNG NG TPOGEYYoNG &ivol TOAOTAELPOG: VO €VIGYDGEL ONUAVTIKE TNV
OTOTEAECUATIKOTNTA TOV OEPOTEIDOV Y10 TOV KOPKIVO, VO EAAYIOTOTOMGEL TIG TOPEVEPYEIEG
ov Pudvovv ot acheveic kol va emttaybhvel Tov pulud avantuEng vEwv apuakov. Avtd
EMTVYYAVETAL HE TN ONUOVPYIN EIKOVIKOV OVOTOPOCTAGEDV 1 YNOK®OV OOVUOV TOV
OYK®V Kol TN TPOGOUOI®ON TWV TOAVTAOK®V OAANAETIOPACEDY TOVG HE OUUPOPES
Oepanevtikég mopepupdoec. Xy ovcio, n in silico oykoloyia emekteivel TIg apyes ™G
HoONUOTIKNG  povTeAomoinone Tov PloAoyik®v cvotudtov yue vo eénynost Kot vo
npoPAdyel duvapukés cuumEPLPOPEG TOL Kapkivov. Avtd yiveror eotidaloviag o KAVIKA
KaBodNyobuEVH, TOAVKAMUOK®OTO HOVIEAN TPOGOUOimone kokonddv OyKmv, AauBdvovtog
voyv 0Tt 0 Kapkivog eivor pia acBévelr mov ekOMADVETOL 6€ TOAAATAEG PloAoyikég
KMUOKES, amd LopLaKn Kot KUTTAPIKY £m¢ ETINEdO 0pyavmv.

O an®dTEPOg GTOYOG QLTNG NG EMCTHUNG EIvol VO YPNCLUOTOGEL OVTA TO
eEoPETIKA AemTopuepy] LOVTEAQ, LETO OO QLGTNPT KAWVIKY] TPOCAPLOYY| Kol EMKVPWOCT] MG
000EVOKEVTPIKG CLGTNLOTA VTOGTHPIENG ATOPACEDY Kot epyoieio oyxedlacpod Bepameiog.
Avto meplapPavel v dLVATOTNTO TPOGOUOIMONG OYKOAOYIKAOV KAWVIKOV OOKIUADV, Lo
dwdkacio mov dwapopetikd Bo Mtav damovnpn, NOkd mepimlokn kot ypovoPopa v
OleEaydTaV  AMOKAEIOTIKA O TOPAOOCLOKA gpyastiple 1 kAwvwkd mepipdAiovia. H
OTTOTEAECUATIKY] EKTEAECT] OVTOV TOV TOAVTAOK®V TPOGOUOUDGEMY GUYVE S1ELKOAVVETOL
OO TPONYUEVES KOTOVEUNUEVEG VITOAOYICTIKES VITOOOUES, OTMOG 1 VITOAOYIOTIKY TAEYLLOTOG
(grid computing).

H yéveon ¢ in silico oykoroylag pmopel va avayBel omv mpwTomoplaky £pgvuva
ov 0eENyOn oto EBvikd MetooPio TloAvteyveio (EMII). O mpotapyikds dpog "in silico
radiation oncology" ewonyOn vy 7wpdT™ @opd To 2002, OBétovrag T Oespelmdelg
evvolohoykég ko pebodoroyikég Pdaoelg v avtd mov apydtepa Oa e&eMocdtav oTOVv
evpLTEPO TOUEN TNG in Silico 1aTpiKNG. O OYKOTPOGOUOIMTNG, IO VTOAOYIGTIKT TAATOOPLLOL
mov ovortoyOnke amd v Opdda In Silico Oykoroyiag kou In Silico latpikng tov
Epevvnticov [Mavemotmuokod Ivetitovtov Xvotmudtov Ermkowvoviov kot YToloylotov
(EITIZEY), éywve ypnyopo €va KEVIPIKO KOl OMOPOITNTO GLOTATIKO TOAAGDV HEYOA®V
OAOKANPOUEVAOV EPELVNTIKAOV £PYOV TTOL Ypnuotodoot)Onkav and v Evponaikn Evoon.
Avtd mepeddpfovay mpowtoPfoviiec pe peydro avtiktvmo onwg to ACGT (Advancing
Clinico-Genomic Trials on Cancer), to ContraCancrum (Clinically Oriented Translational
Cancer Multilevel Modelling), to CHIC (Computational Horizons In Cancer), 10
MyHealthAvatar (A Demonstration of 4D Digital Avatar Infrastructure for Access of
Complete Patient Information) kot to P-Medicine (From data sharing and integration via
VPH models to personalized medicine). Kd0e éva and avtd ta épya giye Evav Kowd 6toO)0:
vo. oavomToEel, Vo PEATIOOEL KOL VO EMKVPOCEL KAWVIKG TPONYUEVEG TAUTPOPLES
TOAVKAMUOK®OTNG TPOGOUoimong mov €yovv  oyedlactel pntd ywo va  vrootnpilovv
eCatopkevpévo oyedaopd Bepamneiog yio acbeveic pe kapkivo. Metayevéotepa £pya, OmTMG
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10 DR THERAPAT (Digital Radiation Therapy Patient xot to BOUNCE (Predicting
Effective Adaptation to Breast Cancer to Help Women to BOUNCE back), enéxtevav
TEPOLTEP® TO TMESIO EPAPUOYNG TOV in silico 1WTPIKOV TPOCEYYIGEDY, OVUIEIKVIOVTAG TIC
SVVATOTNTEG OVTOV TOL TOUEQ.

[Tépa amd TIC £peLVNTIKES GLVEIGPOPEG TOV, O TOopENG TNG in silico oykoloyiag éxet
neTvyel emiong aloonueimta akadnuoikd emredypota. H EAAGOa, péow g mpwtofoviing
tov EMII, eivar ) mpodtn ydpa maykoouiong mov eriolevel £vo TOVETIGTNUINKOD ETTEOOV
pUaON o 0IKA aPIEPOUEVO GE ALTOV TOV OVOOLOUEVO Topéa. To petamtuylokd puadnua, e
titho "Multiscale Cancer Modelling and In Silico Medicine", eioMy6n oto EMII to 2014 ko
ocuveyiletl va S10ACKETAL, EKTOUOEVOVTAS TNV EMOUEVT] YEVIOL EPELINTAV KOl KAVIKOV 10TPOV
0€ OVTOV TOV SIEMOTNUOVIKO TOpEN. ALTN 1 0KAONUATKY] TPOTOPOoLAlD GOVIOH KEPOLOE
oebvr) avayvopon. To Virtual Physiological Human Institute (VPHi), évoc 0Owebving
0PYOVIGUOG aplepouévog otnv mpomBnon g in silico wrpikng, avédele pnta v
vyglovoukn mepiBaiyn mov Paciletor oty mposouoimon ®g oTpaTnyky KatehBovvon yio
peAdovtikés wrpikés eeMerc. Tavtoypova, m Avicenna Alliance, évag evpomaikdg
Brounyavikdg popéag, evékpive emionuo Vv in silico atpikn, avayvopice v EALGSa Kot
10 EMII og v kottida g Kot ovppeteiye evepyd omv avamtuén oyvpodv puduicTikdv
mAociov Yo T OlevkOAvven g evupeiag vioBétnong kot amodoyng in silico KAwvikdv
dokmv. Avtég ot e&eliéelg vroypappilovy v avEavopevn dVVOIKN Kol ToV KPiGlo
poOLo mov 1 in silico oykoAoyia etvat £Totun va omoteAésEL 6TO PEALOV TNG EEATOLUKEVIEVTG
VYELOVOUKNG TTepiBaiymc.

O Oyxonmpooopowwtic: 'Eva yneuwoko odidvpo ywe eCotopikevpéviy @povtidoa Tov
KOopKivov

O OyKompocopHoIOTG amoTeLel TOV aKpoymVviaio ABo GTovV avamTueGOUEVO TOEN
¢ in silico oykoAoyioc. Eivar oyedlocpévog yu vo TPOGOUOIDVEL TIC TOADTAOKEG
amoKpicelg TOGO £vOG KOPKIVIKOD OYKOL OGO KOl TOV DYIOV QUCIOAOYIK®OV GTMOV TOV TOV
nepPaAAovy cg Eva eupy Qdoua BepamTELTIKOV oTpoTYIK®V. Avtd Tov Eeywpilel Tov
Oykompocopotwtn givat 1 kavOTNTo Vo TPOGOPUOLEL OVTES TIC TPOCOUOLDCELS e akpifela
oe k&Be pepovopévo acbevr), 0EOTOIOVTIOS TO KAWIKO 10TOPIKO TOLG, TO OPYIKA
OTEKOVIOTIKA dedopEVaL (AEOVIKEG KOl LAYV TIKEG TOROYPAPIES, KTA.) KOOMOS Kol TO LOPLok(L
Kol 1otomaforoyikd svprjpata mov Exovv Tpokvyel omd Proyies. H mpotapyikn amoctoin
Tov eivan va emroyel 1 PBéAtioTn Ogpameion Tov Kopkivov yia kdbe acBbevi), Oyt péow
doKkmv o€ évav {ovtavd opyoviopd, oAAd epapuolovtag HEGH TEPAUATOV GE VTOAOYICTN
(e€ov ko 0 yapaxtnpiopds in silico) evog TAnBovg mBavdY BepamEVTIKOV TPOGEYYICEWV.
[Iépa amd 1t ypnowdmTd 1oV otV  VROoTNPEN KAWVIKOV — amoicemv, O
Oykompocopotwtig e&umnpetel emiong évav €upuTEPO OKOTO: GTOYEVEL VO EVIGYVOEL
ONUOVTIKA TNV EMGTNUOVIKY KoTovonon tng ProAoyiog tov kapkivov, va SIEDKOADVEL TOV
OYEOOOUO KAIVIKOYOVIOLOUOTIKOV OOKIUDOV KOl VO, TOPEXEL €VOL EPYOAEID Y10 LOTPIKT
eknaidoevon. Baoclopevog 010 mopddetypo Tov ynetakov d1dHpov, o OyKOTpOGOUOIOTIS
onpovpyel éva SuVoKO, EKOVIKO avTiypoa@o Tov OYKov £vog acBevovlg, emTpémovtag TV
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axpin mpocopoivon g e&EMENG ToL OYKOL Kol TNV TPOPAETOUEVT] AVTOTOKPION TOV GE
duapopeg Bepameiec yio kaBopiopéveg povikég TEPLOSOLG,.

H Aettovpyia tov Oykompocsopotmth givat dopnuUéEVN yup® amd pio. dtodikacio entd

Pnudatwv:

1.

Yvirhoyn dgdopuévav: Avtd to apyikd Prpa aeopd otn ANym OedoUEVOV EVOC
aocBevoic oL TePAAUPavouy éva gVpL Qacua TANPOPOPLADV,
SVUTEPILOUPOVOUEVOYV  AETTOUEPDV  KAWVIK®OV  apyeiov, OpopmvV  10TPIKOV
aneikovioTik®V capnoewV (60mwg CT, MRI, PET), ioctonafoloyikadv evpnudtov and
Bloyiec 10TOV Kol HOPOKAOV OedOUEVOV (Y. YOVIOI®UOTIKE, TPOTEOUKC,
HETOYPOPOMKA TPpo@id). H mowdtto kot 1 ANpOTNTO OVTOV TOV OEO0UEVOV
emmpedlovv duecsa TV akpifelo TOV TPOCOUOLUDCEMV.

IHpoeneCepyacio dedopévev: Molc amoktnBodv to dedopéva Tov acBeVOVC
vrofdirovion o€ €va 6Tad10 TpoemeEepyaciog. Katd tn odpkela avtng g eaonc,
TO. ETEPOYEVI] OEOOUEVO, LETATPEMOVTOL GE Lo SOUNUEVN LOPPN Tov eival dpeca
ovpPatny pe 11§ amoutnoel; Tov OyKompoouolmTy. AVTO cuvyvd mePAapPavet
OVOVOLOTIOINGT), OTOYOPOUKTIPIGUO Kol EAEYXO CRUAUAT®OV Y10 TN SCQAAGN TNG
AKEPAOTNTOG TMV OEGOUEVOV KOl TOV OTOPPTNTOL TOV AGHEVOV.

Opropoc OepamenTiKoD GYNRATOS: X LT TO Prpa, Evag KAMViIKOG 1aTpds, e Baon
™V guUmEPio TOL Kot TV apykn ddyvwon tov acbevoic, kabopilel éva chvoro
VIOYNQOU®V Bepamevtik®dv oynudtwv. Avtd umopet va mepthappdvovy didpopa
oyéola axtivobepamneiog, oynuota ynueodepansiog, TpoTOKoALA avocobepaneiog 1
oLVOLOCUOVE OVT®V, TO Omoiol OTn GLVEXEW Oa SOKIWMOOGTOVV GTO  EKOVIKO
nePPAALOV.

Extéleon mpooopoioong: To kabopiouéva cevdplo Bepameiag ektehodvion og
1oYLPOVG, KOTAVEUNUEVOLG VTOAOYIOTIKOVS TOPOLS, GLVNOWMG YPNCILOTOUDVTOG
apyrtektovikég mAEypatog (grid) 11 ovumAéypatoc (cluster). Avt| 1 wovotnTa
eneepyaciag sivor amopaitntn, kabdg emiTpémel TV TALTOYPOVI KOl TO)ELD
aEloAOYNoN  TOAADV  OepOmEVTIKOV  EMAOY®V Kol €VOG  €VPEOS  (PAGLOTOG
GLUVOLACUAOV TAPAUETP®V TOL OYKOV. 'ETol peidveror onuoviikd 0 VToA0YIoTIKOG
xPOVO, KaNGTOVTOG TIG TPOCOUOLDCELS KAVIKG AEI0TOUCES.

Ontwkomoinon wpoPreyns: Metd v OAOKANP®OON TOV TPOCOUOIDCEWDV, N
TPOPAETOUEVN QITOKPIGT TOV OYKOV Kot Ol TOOVES TOEIKOAOYIKES TOPEVEPYELEG YN
OM0. TOL TTPOGOUOIOUEVE, OeVAPLOL OmEKOVILOVTOL AETTOUEPMG YPNOUOTOIDVTOG
aplOuMTIKG Oloypappata, Kol TPIoOIICTOTESG CTOTIKEG Kol OUVOLKES OEIKOVIGELS
™G €KOVOG TOL OYKOov Kab’OAn ™ ddpkeln g Tpocsopoiowons. O otdyog eivan va
TOPOVGLUGTOVV TOAVTAOKA ATOTEAECLLATO TPOCOUOIMONG LUE GOPN, EPUPULOGILO KOt
KAMVIKG KATOVONTO TPOTO.

Klwvikn a&roiéynon: Epodiacpévorl pe tig ontikomompéveg TpoPAEyels, ot kKAvikol
ywTpol eleépyovtal ot eAcT TG AEI0AGYNONG TOV ATOTEAEGULATOV. ZVVOLALOVV TIC
EKTETOUEVEG 1OTPIKEG YVAOOELS, TNV KAWVIKN €UmeEpion Kol TG EENTOUKEVUEVES
TANpoeopiec Tov acBevoic Le Tig in silico Tpofréyelg yio va Adfovv texunplopévn
amOQUoT OYETIKG e To PEATIOTO 0YEd10 Bepameiog. Avtd To Pripa vroypappilel To
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poro Tov OyKOTPOGOUOIMTH WG EPYAAEIOV VTOGTNPIENG ATOPACEMVY, aVEAVOVTOG

mv avlpadmivn TeYVOyveGio avti va TV avTikadioTd.

7. Xopiynon Oepameiog kor avatpo@oddtnen: To emheyuévo, PBeitiotomompévo
oxédwo Bepameiog yopnyeltoaw ot ovvéyeln otov acBevr. Katomy, cvAléyovion
GUOTNUOTIKA OE0OUEVO TOV GLYKPIVOLV TIC TPOPAEYELS TOL OYKOTPOGOUOIMTY LE TO
TPOYUOTIKE KMVIKG OTOTEAEGUOTO KOU TIG OMOKPicel Tov achevov. Avtdg o
ocuveyng  Ppoxog  avatpopoddtnong  eivar  (oTikng  onuociog  yuo TNV
emavorapPoavopevn PBektioon g axpifelag mPOPAEYNG Kol NG GLVOMKNG
ando0onG Tov OYKOTPOGOUOIMTY, SOGPAAILOVTOC TNV KAVIKY] XPNGOTNTA TOL.

O Oykompocopoiwtc €xet ocov Pdon Tov TV "top-down" TOAVKAMUOK®TH
OTPOTNYIKN] TPOGOUOI®MONG, MWL TPMOTOTOPLOKY] TPOCEYYIST) MOV  avamTuYOnke Kot
tehetonomOnke oto EMIL. Avty m otpomnywr| avayvopilet 6t o kopkivog eivar pio
TOAVKALUOK®OT a0OEVEWD, TTOV OamoTel HOVTEAOTOINGON amd TO HOPLOKO Kol KLTTOPIKO
eminedo péYpL 10 emimedo 10TOV Ko opydvov. Ot Bspelddelg dadikacieg ovtng Tng
povtelonoinong  mepthapPfavoov v mepimiokn  owtoapayn  (perturbation)  twv
POSIOPLOAOYIKOY 1 POPUOKOSVVOLIKOV TOPUUETP®V KVTTAPIKNG Bavditwong, ot omoieg
npocapuoloviar dvvopika pe Pdorn to poplokd dedopéva Tov pepovopévov acbevr). H
TPOCOUOI®oN ¥PNOLoToLEl v COGTNUA Y10 TV TOGOTIKOTOINGT KUTTOPIKAOV GLOTASMV
péco oe €va SloKPLITIKO TAEYUO TOL KOAOTTEL ME aKpifelo TNV ovaTOMIKY TEPLOYN
eVOlPEPOVTOG. Méca o€ aTO TO ALY, O OEPKELES PACNG TOV KVTTAPIKOD KVKAOV KOl TO
dgdopévo,  PETABOMGHOD  ypnoIonoobvTal yoo Tov Kabopiopud v mopeiag mov Oa
akolovOnbel amd TOo KOTTOPO KAOE pOVASAG OVTOD TOV TAEYUOTOG. XTr GULVEXELN
YPNOOTOOVVTOL  0AYOpIOUOL Yoo TNV  TPOCOUOIMOT)  UOKPOGKOMIKADV — UNYOVICUOV,
ouumePAAUPOVOLEVNG TNG OLVOLUKNG ETEKTOGNG KOl CLPPIKVAOGCTS TOL GYKOVL, TNG EMPOANG
UNYOVIKOV OPloK®V CLUVONKOV GTOVG 16TOVG KOl TOV OKPIPOV EMIATOCEMV SoPOPOV
OVTIKOPKIVIKOV QOPUAKOV Kol aKTIVOBOANG TOCO GE KapKIVIKG OGO Kol GE VY] KOTTOPOL.

MoOnpatikd, o OyKOoTPOCOUOI®MTG EVOMUATAOVEL WO GEPO  LTOAOYICTIKMV
TEYVIKOV.  Avtég  meprhapfdavovv, petaEL  GAA®V, U VIETEPUIVIOTIKA  oTOHOTO
TEMEPAGUEVAOV KOTAGTAGEDV Y10 T LOVIEAOTOINOT CUVOET®V KLTTUPIKAOV GLUTEPLPOPDV,
teyvikéc Monte Carlo Yo mpocopoi®won GTOYOCTIKOV OlEpyacidv Onwg M evamdbeon
oKTVOPOAIOG Kot O KLTTOPIKOS BAvatog kol Opopikés €EIGAMCES Yoo TNV TEPLYPAON
CUVEYDV OAAMOY®DV OTIS PLOAOYIKEG TOPOUETPOLS ME TNV TAPOSO TOL Ypdvov. Amd
TEYVOAOYIKT Gmoym, o Oykompocopowwtng o&lomolel TOAAEG TEYVOAOYIEG OUYUNG TTOL
SUUTEPILAUPAVOLY OLVOLKE KOt TOAVIACTOTO, EPYOAEID. OTTIKOTOINGNG Yol TNV E1GAYMOYN
WTPIKOV 0EOOUEVOV Ko TPOPAEYEIS TPOGOUOIMONG, TPONYUEVES TEXVIKEG emeEepyaciog
WTPIKNG EKOVOG Yo TNV e€oymyN KPIGIL®OV AVOTOMK®OV Kol GUGIOAOYIKOV TANPOPOPLOV,
UNYoVIoHoVE EMTAYLVONG EKTEAEONC (OTTMOG APYLITEKTOVIKEG TAEYLLOTOG Y10 KOTOVEUNUEVOLG
VTOAOYIOTEG) KO 1GYVPE GLGTHLATO YO TNV OGQUAT KOl VOUIKG cOUPath HETapopd Kot
amoOnkevon eapetikd evaichntov Prolatpikdv dedopévav  (GupmepAauBovouEvmv
eEeEMYUEVOV TEYVIKADV
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Teyvoroyikég mpokinoels TG peTafacng Tpog TNV eEATORIKEVUEVT] LOTPIKY

[Mapd t1c mpwtomoprokés eEeAiEelg oty in silico oykoAoyio Ko TNV TOAAGL
VTOGYOUEVT] CUUPOAN TNG OTNV €EATOUIKEVUEVT] WOTPIKY, OPKETE OMUOVTIKG TEXVOAOYLKH
eumodlo epmodilovv onuepa v gvupeior VIOBETNON ™S Ko TV TANPT KAWIKT VAoToinon
™G Mio onNUOVTIK Kol TPOTOPYIK TPOKANGN £YKELTAL OTNV EAAEWYN OGS 1OYLPNG,
KMUOKOOUEVIC KOl  TUTOTMOMUEVNG VTOOOUNG IKOVAG Vo, QIAOEEVEL  OMOTEAEGLOTIKA
VTOAOYIOTIKG HOVTEAQ, VO EKTEAEl TOADTAOKEG TPOGOUOIDGELS EVTOG KMVIKA OTOOEKTMV
YPOVIK®OV TAOIGI®V Kot VoL Topayel OAOKANP®UEVES, allOmMIOTEG Kol KAWVIKA a&10TOOUES
avapopés amd T mapoyoueva armotedéopata. H dwayeipion tov tepdotiov dykov Kot g
€yYeEVOUC ETEPOYEVELNG TOV dEdOUEVOV TTOV aPopoV Tov acBevr, 1 omola Kvupaiveton amd
YOVIOLOUOTIKEG aAANAoLYiEC €mC AEMTOUEPEIS COPADOELS OAMEKOVIONG KOU MAEKTPOVIKA
apyela vyeiog, mopovstalel Ui TEPAOTIO VAIKOTEYVIKT] KOl DTOAOYIGTIKY TOAVTAOKOTNTOL.
EmumAéov, evd ol vroloylotikoi mopot ivon avaueifolo amopaitntol yio TV €KTEAEOT
QVTAOV TOV TEPITAOK®OV TPOCOUOIDCENDY, 1W0img 6tav ot Tayelc ypdvol dekmepaimong eivat
Kpiowot yw v 7wepiBailym tov acbevov, m mpoécPacn oe TéTo MEPPAAAOVIQ
VIOAOYIOTIKNG VYNADV emddcewv (HPC) e&akorovbel va amotedel onpovtikd meplopicuod
Y. TOAA KAwvikd mepiaiiovta. EmumAéov, n eyyevig mowilopopoio v HOVIEA®V in
silico, xaBéva oamd ta omoio AVTITPOCHOTEVEL OPOPETIKES  Prodoykég KAILAKEG,
QLO0A0YIKEG dtepyacieg 1 Bepamevtikég pebdoovg, dnpovpyel onuavtiky Svskoiio dGov
aQOPA TNV ATPOGKOTTI] OAOKANPMOOT Kol SIHAEITOVPYIKOTNTA Tovg. TéAoG, 1 TPOKAN G TNG
LETATPOTNG TAOV OKOTEPYAUSTOV OMOTEAEGUATOV TPOGOUOIMONG O  TULTOTOUUEVEG,
EPUNVEVCIUEG KOl KAWVIKG £QPOPUOCIIES OVAPOPES YO 1TPOVS TOPOUEVEL EVOG KPIOHOG
TOUENG TTOV OTTOLTEL OVGLUGTIKT TEPAUTEP® OVATTLEN Kot BeATimon.

H avryetomion avtov 1oV Kevipikdv eumodiov omottel pio OAOKANPOUEVT Kot
TPOOSEVTIKY] KATOVONGN TOV BEDMPNTIK®OV OTALTHCEDV GE SLAPOPOVG KPIGILOVG TOUELS:

e Awyeipion oeoopévorv: Amatteiton 1 KOOEPOON  AVOTNPOV  TPOTOKOAA®V
TUTOTOINGNG Y10l TIG LOPPEG OEOOUEV®V, TNV OVOUOTOAOYIO KOl TIC GYOALLGILOVG Yo
™ OGO TNG ONUAGIOAOYIKNG OOAEITOVPYIKOTNTAG HETAED OLOPOPETIKMV
ocvotudtev Kot wWpvpdteov. EmmAiéov, m avamtuén ac@oAdv, ovOeKTiKOV
UNYOVICU®V  OmOoOKELONG KOl 1OYLPOV GTPATNYIKAOV OlXEIPIONG YOl GLVEXMG
avéovopevo cOvolo dedopévov egival OepeMdong, €0IKd TopdAAnAc pe v
SlITPNoN TOL ATOPPNTOL TV ACHEVOV Kol TNV THPNOT OVGTNPOV KOVOVIGUOV
npootaciog doedopévav (my., GDPR, HIPAA). H kabiépwon olokAnpopévav
TAGIOV KOWNG XPNONS OEOOUEVMOY TTOV GLUUOPPOVOVTUL TANPOG UE TIS OPYES
FAIR (Evpeon, IIpocPacipdtta, Atarertovpywotmra, Exavaypnoiponoinon) eivon
OmOPOITNTN YL TNV EVIOYLON TOV GLVEPYATIK®V EPELVNTIKOV TPOTOROVAIDV Ko
TNV EMTAYLVON TNG EMIGTNHOVIKNG AVAKAALYNG.

e Evoopdaroon poviéhmv: ATotodviol OmOTEAECUOTIKOL UNYOVICUOL Yoo TNV
OmPOCKONTY EVOMUATMOOTN  TOAVKAUOKOTAOV HOVIEA®V, TO ONOolol  EYYEVAC
AVTITPOCSHOTEVOLV JUPOPETIKEG emimeda PromoivmAokdTnTag (HLoplokd, KLTTOPIKO,
wotov, KAT.). Kat’ enéktaon ypewdletar n avamtuln avorytdv TAATPOPU®OV TOL
vrootnpilovy €vepyd TNV OMOTEAEGUOTIKY] KOWN YPNON KOU TNV TPOKTIKY|
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emovaypnowonoinon povtéAwv in  silico yw v emitevdn  TPOYUOTIKNG
ONUOCIOAOYIKNG  OLOAEITOVPYIKOTNTOS — UETAED  OLOQOPETIKAOV — TTPOGEYYICEWV
LOVTEAOTTOINGNC, LAONUATIKOV QOPUOAMGU®V KOl EPYOAEI®V TPOGOUOI®ONG

e  YmohloywoTikoi mépor: Ou in silico mpocopoudselg amortodv 1GYLPNY VITOOOUN
VIOAOYIOTIKNG LymAng amddoone (HPC). Avt m vmodoun mpémer va mapéyet
EMEKTAGILOVG TTOPOVS, EEEIOKEVUEVO AOYIGUIKO YioL TNV LTOOOYN Kol EKTEAECM
HOVTEA®V, KOOMG Kot mponyuéva epyaAeion  oaviivong. H  Peltiotomoinon
alyopiBumv kol texvik®v mopaAinAiomoinong eivar omapaitnn yo v emitevén
TaYOTNTOG KOL TNV €QOPUOYN TOV ATOTEAEGUATOV GE YPOVIKA TANIGLOL TOL £XOVV
vOnuo yio TV Kafnuepiviy KMVIKN TPOKTIKY.

e HOwd nmipata: Kpioyng onuaciog eivatl n mpoctacio e 01®TIKOTNTOG KoL TNG
acQAaArElng TV gvaictntov dedopévov vyelag, kabmdg Kol 0 TEPLOPICUOS TOV
npokatoAnyemv o€ povtéda Teyvnmg Nonmupoovvne. H  dwedvelr kot m
eEnynopdmTa EVIGYHOLV TNV EUTIGTOCLVN TOV YPNOTOV, VO To NOIKE mAaicla
TpEnEl va. So@oAMlovy TV 1ooppomio. HETOED EMIGTNUOVIKNG TPOOSOL Kot
atopkav  owkoumpdtov. Téhog, M Aoyodocion Kot M TANPWOG EVNUEPOUEVN
ovykatdBeon TV acBevav amotelovv Noikég emttayés.

H tpéyovca katdotacn otnv e£0TONIKEDPUEVT] OYKOAOYIN

H otyypovn eatopikevpévn oykoroyio yopaktnpileton and paydoio EVOOUATOO
TPONYUEVOV TEYVOLOYIDV, pe To. votnuota Yroot)piEng Kivikov Amopdacewmv (CDSS),
omwg to IBM Watson for Oncology kot 1o CSCO Al, va a&omoodv peydio cHvoro
dedoUEVAOV YL TNV TOPOYN TPOCOTOTOMUEVOY BepamevTiKOV cvotdcemy. [TapdAinia,
ocvotiuata 0mwg 1o PREDICT eotidlovv oe mo eEeldkevéves avayKes, v veoTepal
CDSS mov BaciCovtal 6e peydho YAOOOIKE HLOVTEAN KOl UNYOVIKY LAONoT EVICYVLOVV TN
duvatodtnto TPOPAEYNS Kot eEATOPIKELONC.

EmumAéov, n Teyvnt Nonpoovvn ypnoHoToLEiTal GE O10yVMGTIKA OTEKOVIONG, OTN
onpovpyio. Aemntopepdv TPOPIA 0cOevOV HECH YOVIOIOUATIKAOV, OTEKOVICTIKOV KoL
KAMVIKOV dedopévov, KaBdg Kol 6T AEITOVPYIKn Tpikn okpieiag, 1 omoio cuvovalet
YEVETIKN] OVAALON Kol €X VIVOo OOKIEG Qoapudkmv. AAAEC ONUOVTIKEG TEXVOAOYiEG
TEPLOUPAVOLY TV TNAEIOTPIKY] KOL TNV OMOUOKPLGUEVT TOPOKOAOVONGT), TN POUTOTIKY|
YEPOLPYIKY, TO TPONYUEVO GLGTHUATO MAEKTPOVIKOV @okéAwv vysiog (HDY) pe
evoopatopéva gpyoieion CDSS, kabBdg kot eEe101KeELUEVES EPAPHOYES KIVITAOV Yo
oykoAdyovg kot acbBeveic. H Teyvnty Nonpoolvn evioydel emiong v avokdAvyn Kot
EMOVOLYPNCILOTOINGON QOPUAK®V, VD 01 VYPEG Proyieg mpoopépovy un enepPatikég AVGELG
v ddyvoon kot wapakolovdnon kapkivov. TéLog, teyvoloyieg yovidlokng emesepyaciog
omwg 10 CRISPR avoiyouv véouvg opilovieg, mapdtt Bpiokovior akdun oe epeuvntikd
oTAd10.

[Mopd Tic onuovTikég TPoddovg, 1 TANPNS KAVIKY aSl0ToiNon aUTdV TOV EPpYOieimV
e€aptdTol amd TNV TPOGUPUOYT TOVG GTIC VITAPYOVGES POEG EPYACIOG, TN CGLVETELN LE TIG
KMvikéG oonyleg, v eac@diion dwedvelng kot aglomiotiog, oAl kot TV vwoBEToN
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TOALTOPOYOVTIK®OV TPOGEYYICEMV, TOL EVICYLOLY TNV aKkpifela Kot v e&otopikevon ot
QPOVTION TOL KaPKIVOL.

Evvoroloyki] em6KOTN 61 GVGTNATOG TS TPOTELVOUEVIS VTOOOUNG

H Poocwn 10éa g mpotevOuevNS VLTOOOUNG EVOOUATMVEL GYECLOKEG PACELS
dedopévarv, o OOIKTLOKY €POPUOYN Kou €vo ovotnuo amofnkevong apysiov H
SdIKTLOKY  €QOapUOY Astrtovpyel g "kEAveog' YOpw amd T Pdon dedouévov,
emParrovtag tig apyéc ACID (Atopkdtnta, Zvvénelo, Amoudvoon, AvOektikdtnTa) Kot
Sroeplopevn OAEG TIG EMKOWVMOVIEG KOl TNV EMKLP®OT] 0E00UEVMVY €16000v. 'Eva devtepo
eMimedo etvarl aPlepoUEVo otV ac@arelo Tov cuotiuatos. H apyttextovikn olvel éppaon
OTNV TLTOTOINGN TOV ATOONKEVUEVOV TEPTYPUPIKAOV TANPOPOPIDOV YPNCILOTOIDVTOS VOl
KatdAAnAo oynuo oxeclokng Pdong dedopévov. 'Exet oxedwaotel yuo va yepiletan
SAPOPOVE TOTOVE OEOOUEVMV, GUUTEPIAAUPOVOUEVOV TOV TOPAUETPOV TOL HOVIEAOL
(eloodog  wor  €E000C) kOl TV OYETKOV apyelov  (vVAomomocels,  Tekunpimon,
CUUTANPOUATIKO cevaplo. To dedouéva ektédeons, OTMG MOTEC TIUMOV TOPAUETPOV OV
acBevn| kot eEgldikevpéveg €£600vg Tpocopoimong dnwg ypaenuata kot avoeopés PDEF,
amofnkevovTal cuVOLACTIKA G €va TUNUA NG PACNS dEdOUEVOV KOl £VOG GUGTLATOG
apyEl®V YioL EOKOAN OVAKTNOT).

To ocvompa mopéxet ypapwés demapés xpnot (GUI) mov mpooceépovv pia cepd
AeLToVPYIOV 6TOVG TEAMKOVG ypnotes. H kdpla Asttovpyia mepthapPdver v eneéepyacio
TOV TEPLEYOUEVOL TG Pdomg dedopévmv, dmov dnpovpyobvtol KoTAAANAES TPOPoAEg avd
Tivako, EMITPENTOVING OTOVG YPNOTEC VO eKTEAOVV OAEG TIG Aettovpyieg Anpovpyiag,
Avayvoong, Evmuépoong kot Awaypaeng (CRUD) oe amobnkevpéva avtikeipeva. Ta
O€O0UEVH E1GOO0V EMIKVPMVOVIOL GE OXECN WE TIC LAGAPYOLGES TANPOPOPieG TG PAong
OedOUEVOV 1 TOVG OPIOUOVS HOVTEAMV (Y. OTOTPOM EGO0YWYNG TWUOV Ploloyikmdv
TOPAUETPOV EKTOG KAVIKA PEALLOVL €DPOVS) TPV Atd TNV oo KEVOT TOVG.

Mo 11 ekteAéoelg HOVIEA®Y, OTOLG YPNOTEG TOPEXETOL IO QOPUO. TOAAUTADV
Pnuatov (wizard) mov mapovcldlel Pacikés mAnpoopiec poviéhov, mopabétel
TOPOUETPOVG €16000V Kot {NTd TG GLUTAPWON TS Yoo TNV Evapén g exktéheonc. Ta
nedior €10600v pumopovv va  dmpiovpynfodv dvvoaukd omd TOV TIVOKO TOPOUETP®V,
S PaAilovTog OTL EVUEPDVOVTOL TAVTO LE TIC TTO TPOGPATES AAAAYEG GTO HOVTEAD. Mo
OeVTEPN OYETIKN @OpUO. TAPOLCIALEL TO OMOTEAECUATO €KTEAEONG Kol UmOpeEl vo
dNuovpynocel eKTuTOoeg avapopés oe popen PDF. Téhog, ta epyadeio Ul emrpémovv
Baowkn avdivon ToV amodNKELUEVOV OTOTEAEGUATOV EKTELEGNC Y10 OTTOLOVONTTOTE aplOpd
exteréoeV HoVTEA®V. 'Eva apyiko mapaderypo vAomoinong mapovstdletal 6To TANIGL0 TOV
épyov MyHealthAvatar, ocvunepiioppavopéveoyv towv  OyKOTPOGOUOIWTOV Yo  TO
vePPOPALCTOUA KO TOV KAPKIVO TOV LLOGTOV

Anpovpyio petadeoopévav yio povtéla in silico: Mo Osmpntiki) Tpocséyyion

Yrdpyer o Kpiowun avaykn yuo. TponyUEVES OTPATNYIKEG OlaXEIpIoNg OEOOUEVDV
Yl VTOAOYIOTIKG MovTEAD otnv in silico oykohoyio, dlaitepa pe TNV GVOd0 TOV
VIEPUOVTEAWMV TTOL EVOOUATOVOLV TOIKIAES BroAoyikég KATLOKEG Kot TTUYES TOV KOPKIVOD.
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[Tpoteiveton pia Bewpntikn vwodoun mov a&lomolel TeXVoLoYieg ONULOGIOA0YIKOD 16TOD Y10
TNV TOPOY®YN Kol Oloyeiplon HEeTAdEdOUEVAV, TPOCHETOVTAG SVVATOTNTEG GTO LVILAPYOVTO
dedopéva Yoo BEATIOUEV UNyaviKn KaTovonon kot Stodertovpytkdtra. Avt 1 apbpwt
vodoun €xel oyedaoTEl Yo vo Aettovpyel pe dtapopa epyareio AOYIOUIKOD, TPOGPEPOVTOG
eveMéilo oe gpegvvnrikd mepiPdArovta. I[lpoPAémetar va cvvdéeton pe éva €upvTEPO
OIKOGUOTNUOL HETAOESOUEVOV Y10 TNV LITOGTNPIEN TNG ONUOGIEVONG TEPIEYOUEVOVD, TNG
TPONYUEVNG avalnTnong Kol TG SLUUOPPM®ONG HE TO VOKA kol MOwd mioiclo yio to
dedopéva vystovoikng mepiBoiyng. O oyedlaoHOC EVEOUOTOVEL SIKOIMOUOTO TPOSPaong
vy TV €ELINPETNOT OLUKPITAOV EVOLUPEPOUEVMV, LLE TOVG ONUOVPYOVG HOVIEAMV VA £XOVV
Tpovopo avoPapiong Kol GuVTNPNONGS, EVM 01 TEAMKOL YPNOTES ETMPEAOVVTOL OO PIAIKES
TPOG TO XPNOTI SETAPES YOl TV EKTEAECT] LOVTEA®V Ko TV avAKTN oM amoterecudtov. To
oLVOAMKO choTnUa TepAapPavel entd kOpleg evotres: 10 Apywd Enpeio TlpdcPaong,
povada E&aywync-Metaoymuatiopov-Ooptoong (ETL), dvo amobetnpia (dedopéva RDF
kot Bdon yvooewv) kor Tpelg epappoyés front-end (Swoyeipion oyorimv, dwyeipion
gpotpdtev, dwyeipton aong yvacewv).

Auaygipron KAMVIKOV EPOTICEMV KOl UTAVTT|CEDV

Enekteivovtag 1 Pacikn vmodourn omobNKeLoNG HOVIEA®V Kol EKTEAEGEW®V,
napovctdloviot ot Pacikéc apyég Y. TOV YEWPIGUO KAWIKOV EPOTNCEOV Kol TMOV
AVTIGTOY®V amaVINCEDY TOVG. Méca amd avTtég pmopel va, dnpiovpynbel Eva véo Tunpa g
TPOTEWVOUEVIG ADGNG, TOV O0TOi0L 0 KUPLOg 6TOYOG Eival v EUTAOVTIGEL TAL ATOTEAEGLLOTAL
EKTEAEONC KO VO TO UETAPPACEL GE TOAVTIUEG KAWIKEG YVAOOELS TOL UTOPOLV Va
EPAPLOCTOVV AUEGH GE EEATOUIKEVIEVEG LUTPIKES OMOPAGELC.

AvTd emtuyydvetol HEGH TNG CLGYETIONS TOV TIUOV (LELOVOUEVOV 1 TESI®V) TOL
pumopel va AaPet n kéBe mapPAUETPOC €VOG HOVIEAOL HE TNV KATAAANAN TEPLYPOQIKN
TANPOPOpion AGTE Vo, dNovpyncetl éva (evyog epatnong — oamdvinons. Avta to (ebyn
Katomy Oa gueovifoviol oTig avapopEs eKTEAEONC €VOC LOVTEAOD, O1ELKOAVVOVTOG TNV
e€aymyn mOOTIKOV GUUTEPACUATOV Yo TV Topeia eEEMENG evog Bepamevtikoh oyNUATOC,
TEPAV TNG TAPOYNG TOV OOV TOV aplOUNTIKOV 0EO0UEVOV TNG EKTEAEONG.

To oyetikd cvomua diEmeton omd TG €ENG Pactkég apyéc:

e M KAvikn epdTnon £xel moAlomALg KAviKES amavinoels. Kdébe amdvinon opiletan
Eexoplotd. Ot amavtioelg amodnkevovtol o€ Egxwplotd mivaka pe po oyéon n-
poc-1 pe Tov mivako EpMTNGE®V.

e M KAvikn amdvinomn cvvoéetal pe €va HOVTEAO Kot pio amd TS TOPOUETPOVG
e€0dov tov. Avtotoyyiletar eite o pio pHOVO T TOPOAUETPOL E€iTe o€ €va
GUYKEKPIUEVO €DPOG TILADV.

o Ot ekteAécelg LOVTEA®V TTEPIAAUPEVOLY TANPOPOPIES CGYETIKA UE TIG TOPOUETPOVGS
€16600v kot €£000v. ' kdBe mapdpeTpo ££600V amodnkevovTon emiong n Ty, ot
OYETIKES KAWVIKEG EPOTNOEIS KO Ol CMOTES AmovInoels pe Paon v tiun. Kabe
oLVOLOCUOG TOPAUETPOV-EPDTNONG-UTAVTNONG amodnKeveTal 68 EEYMPIOTH GEPA.
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Eo@appoyn Hyperion: YAomoinon ko peirovtikég KatevBivvoeig

H epappoyn Hyperion oamotedel pio oAOKANPpOUEVN VAOTOINGTN TOAA®V amd TIg
OepeMddelc TTuyég Kol Asttovpyieg mov meptypapovtor oe vt T dtpiPn. Evomotet tig
TEPLYPAPOUEVEG AELTOVPYIEG OE MOl CUVEKTIKN, KO EMEKTAGIUN pHovada Aoyiopukov. To
GUVOAO TEYVOLOYIDV OV eMAEYONKE Yia To Hyperion otoyedel oty evpmoTtia, amwdd00™ Kot
ocvvinpnoomto. o v amobnkevon oedopévov, ypnowwonoteitar 1o MySQL, éva
evpémc vwobetnuévo kot eEapPeTiKd ASIOMIOTO GVOTNUHO OloYEIPIONG OYECOKAV Phoewv
dedopévav. H alinieniopaon peta&h Tov KOdka TG EpapUoYNg Kot TG Pdong dedopévmv
owyepileton amd6 1o MyBatis, £éva mAoiclo moOv  SlELKOAVVEL TN AVTIGTOlYNON
TPOYPUUUATIOTIKOV OVTIKEILEVOV KO GYECLOUKDOV TIVAK®V PACTC 0E00UEVMV, ATAOTOIDVTOG
v Tpdsfacn Kot Tov xeptopd dedopévav. H dayeipion tov oynuatog facng dedopévmy,
yiveton pe to epyodeio ehéyyov éxdoong Flyway, eEacoarilovtog cvvémela kot aglomotio
o€ JPOPETIKA TTEPIPAALOVTA avATTLENG.

To back end tov Hyperion gival katackevacpuévo ypnopomolidvtog Spring Boot kat
Java. Avti n emoyn mop€yxel por woyvupn PAcn ETOPKOD EMTEOVL, TPOGPEPOVTOG
a&lomiotio, €mMEKTACIUOTNTO Ylo. TN OwEIPIon OLEAVOLEVOV QOPTIOV XPNOTAOV, OYK®V
O€d0UEVMV KOl TPOCTIOEUEVOV AELITOVPYLDV, KOOGS KOl OPNTOTNTO UETAED TAATQOPUDYV.
AVTO emTpémMel otV €QOPUOYN VO Agltovpyel o€ O1AQOPA AEITOVPYIKE GLGTHLOTO KoL
neptPdAlovto dlakopotov yopls egedikevpéves oAhayéc Yoo to Kabéva amd avtd. To
eminedo mopovcioone, £&xel ovamtvybel ypnowomowdvrog To React, o Onpo@iAn
BBAoBNKn JavaScript yio T dnpovpyic SUVOUIKOV Kot S1odpacTIKOV SlETapav ypnotr. H
apyrtektovikn mov Pociletar oe otoyeion Tov React mpowbei v emavoypnoyloroinon
KOdwa Kot v apBpotdémra, emtaydvovtag TNV ovantuén Kot omAOTOU®VTOG TN
ocuvvinpnon. H cvvolikn doun kddka tov Hyperion axolovBel pia copng kabopiopévn
OPYLTEKTOVIKN TPV emumédwv: to front end (demaen ypnotn), TOLG €AEYKTES (TTOL
yepilovton o EIGEPYOUEVO OLTILATO KO EVOPYNOTPDOVOLV TNV EMIYEPNLOATIKY] AOYIKT) Ko
TIG VINPESieG (MTOV VAOTOWOUV TNV POCIKY ETLYEPNUATIKY] AOYIKH) OV EMIKOWVOVOVV LE
arofetpla (vevBvva Yoo TNV TPOSPACT GE dESOUEVA KOl TNV VTOPOAN EPOTNUATOV GTN
Baon dedopEVmV).

H xopla povada tov Hyperion gival 1o AmoBetipio Moviédwv. Avtd 10 Kevipikd
otoyeio €xel oyedOoTEL Yoo TNV OAOKANPOUEVT dloyEIpIon TV HOVIEA®V TPOGOUOIMONG
Kol OAOV TOV CYETIKOV OEOOUEVOV TOVG. AVTO EMTLYYOVETOL HEC® €VOC OOUNUEVOL
GLUVOAOL SLOGVVOEIEUEVDV TIIVAK®V PACTC 0E00UEVOV TOV ACYOAEITOL LE TNV TEPLYPOPIKN
TANpoopia, To apyela, TIG TAPAUETPOVGS, TIG WOIOTNTES KAl TIG ONUOGLEVGELS VOGS LLOVTEAOV.

EmunpocBeta, 1o Amobetrpro KAvikdv Meletdv ivon éva kpioipo yopoktnploTikd
OV EMITPEMEL TNV OUAOOTOINGN Kol T CLUGTNUATIKY Oloyeiplon TOALUTADV EKTEAECEMV
povtélmv. Avto givor wiaitepa (OTIKNG ONUAGTNG Yo T GVAAOYIKT KMVIKT KOl GTOTIOTIKT
eneepyacio, EMTPEMOVIOG GTOLG EPELVNTEG KOl TOVG KAVIKOUS 10TPOVG VO aVOADOLV
OTOTEAECLLATO. TTPOGOLOIMONG G€ OpAdeS acevav N dtapopeTikd cevapla Bepamneioc. Avtd
TO0 OMOOETNPIO GUVOEEL GYOAACTIKE KAMVIKEG MeAETEG Me €val POVO EMAEYUEVO HOVTELOD
Tpocopoimong Kot avovoporompéva dedopéva achevav, dtuceaiiloviag 1o andppnrto,
EVO TOPAAANAQ SIEVKOAVVEL TNV AVAAVLGN PEYAANG KATLOKOLG.
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To ovotua Hyperion gvoopotdver emiong 1o Amobetiplo YrnootpiEng Kiwvikdv
AToQAcE®V Y10 TN SXEIPIoN KAVIKOV EPOTICEMY KOl ATOVTINOEDV. AVTEG GLVOEOVTOL [UE
CULYKEKPIUEVO LOVTELD KOl TIG TOPAUETPOVS €£000V TOVG. AVTN 1) SVVATOTNTO EMTPENEL GTO
ocvotnua va taévopel ta amoteléopato extédeons, petappdlovtag ovvieteg aplOunTikég
Kol OTTIKEG €£000VG LLAG TPOCOUOIMONG G EPUPUOCIUES KMVIKES YVAOOCELG TOL GYeTICovVTOoL
AUESH LE TN PPOVTION TOV 0CHEVOVY KOt TN AN AToQAGEMV.

[Tépav tov amoBempiov To chotnua Tapéyet TIG €ENG AEITOVPYIKOTNTEC:

o Extéleon poviélov: Ot ypnoteg pmopodv va EEKIVIICOVV TPOCOUOIMCELS V1o
EMAEYUEVO LOVTELD, TTOPEYOVTOS OEGOUEVA E1IGOO0V E101KE Y10l TOV 0GOEVY].

e  Anuwovpyia avagopadv: To Hyperion pmopel vo dnpiovpyncel OAOKANPOUEVES
avaPopEéG TOV GLVOWILOLV TO OTOTEAEGUOTA TNG TPOGOUOIMONG, TPOGUPUOGHUEVES
Yo KAMVIKY epunveia Kol bTooTNPIEN AmToPAGEMV.

o  Awyelpion xhvikov peretdv: Tlapoayoyn ypaenudtov yw v ovdivon Ttov
OEQOUEVOV TOV TOAAATADY EKTEAEGEDV TOV OmAPTIOVV piot KAVIKT HEAETY).

Méow ™G oAoKANpOUEVNG ovAAvoNG Kol TNG AETTOUEPOVS TAPOLGIOCNG TNG
epappoyng Hyperion, vroypappiletor n kpioyun Kot exetyovsa avaykn yio o KotdAAnAo
OXEOLOGUEVT], OYVPN KOl EMEKTACIUN TEXVOAOYIKY vmodoun. Mo tétot vmodour &iva
amopOiTNTN YO0 TNV OTOTEAEGUOTIKY] YEQUPM®GY] TOL VRAPYOVTOS YAoUATOS HETAED TV
eCapetikd@ molvmhokwv in silico poviéA®v Kol TNG TPOKTIKAG EPOPUOYNG TOVG GTO
eCatopikevpévo oykoroykd tomio. Ot mpotevdpeves AVGELS, 101H{TEPA 1) KOLVOTOMOG
OPYLTEKTOVIKN] KOl Ol AELTOVPYIEC TOV EVOMUOTOVOVTOL amd TNV geoppoyn Hyperion,
AVTITPOCSHOTEVOLV £V CNUOVTIKO BrHa TPOS T EUTPOG OTN SIELKOAVVOT TG ATPOCKOTTNG
EVOOUATOONG OLTOV TOV TPONYUEVOV VLTOAOYICTIKOV gpyoieimv oamevbeiog oty
TOAVTAOKT] Kol XPOVIKA gvaicONTn d1adtkacio AYNG KAMVIK®OV amo@aceEmy.

Melhovtikég enektdoelg meptlapupivouv:

e Tn Pektictomoinom yia v VROGTAPIEN TOALATAMY TOVTOYPOVOV EKTEAECEMV, gite
HEG® TNG XPNoNG HEBOSOV TOVTOYPOVIGLOV Y10 LELOVOUEVEG TEPITTAOCELS, £iTe HECM
YPNONG VTOAOYIGTIKAOV GULGTNUAT®OV TOV TAPEYOLV VANPEGIEC OmMwg dwoyeipion
epyaocidv (Kubernetes), kotaypagn kot EAeyy0 NG KATAOTOONG TOL GUOTNHOTOC
(Prometheus, Grafana) ce cuvdvacud pe epyareio dwyeipiong ovpmv (RabbitMQ,
Apache Kafka)

o Anuovpyia EexwploToh GLGTAUATOG Y10 TO GYNUATICUO AVOPOPDOV Kol TN dteEaymyn|
KAMVIKOV HEAETMOV UE XPNON UNYOVIGUOV EEAYDYNG, LETATPOMNG KOL ETOVOPOPTOONG
dedopévarv, oynuata Pacemv dedouEvav pHe AYOTEPOVG TIVOKES TEPIGGOTEPWV
wediov Yoo peyoALTEPN TOLTNTO  TPOSPOoNG Kol XPNON  KOTOVEUNUEV®V
CLOTNUATOV Yo TN Olaeiplon “ueydAwv”’ dedopévav (Big Data)

e Evooupdtoon tov TUAUOTOG TOPAY®YNG MHETOOEIOUEVOY OTNV KOPLL EQOPUOYT.
Xpnowonowwvtog e&edkevpéva mhaicla onwg 1o Apache Jena, to back end tov
Hyperion pmopei va mapdéet autoUaTo, To LETUOESOUEVO TMV TEPLEYOUEVMV TOV Kol
€lTe Vo 10 AMOGTEIAEL GE AMOUOKPVOUEVA ATOBETNPLOL OLUGVVOIEIEUEVMOV OEOOUEVMV,
elte va mapéyet T1g OKEG TOV dEmaPEG OOV e TN xpNomn epotnudtov kot APIs Oa
Umopel va ta avTOAAACGEL.

5.



Xpfion TeQVNTAG VONUOGUVNG Kot oAyopiBumv pnyovikhig pdbnong yww v
avafadpon Tov PNYaVIGHOD TOPUY®YNS KAVIKOV €PMTNCEMY. XKOTOC €ival va
aeopobv dve TG piog TaPAUETPOV, MOGTE VO UTOPOLV VO OTOVTHGOVY GUvOETa
EPOTALOTA TOL TOAVOV VO, APOPOVV TEPIGGOTEPO TOV €VOC HOVTEAQ, €ITE TN doun
EVOC VILEPUOVTELOV, ONUOVPYADVTOG KOT  aVTIGTOLKiO “VTEP-EPOTNOELS”.
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Extended Abstract

This PhD thesis delves into the field of in silico oncology and in silico medicine,
focusing on the technologies required to develop integrated Oncosimulators. The latter are
considered as advanced digital twins participating in the fight against cancer, designed to
improve the way clinicians approach personalized treatment strategies. The main problem
faced by this research stems from a fundamental challenge inherent in any simulation
model: while the raw input and output data contain clinical knowledge, this is often not
readily accessible or understandable to researchers or clinicians. This lack of accessibility
significantly hinders the model’s direct clinical application in the context of personalized in
silico medicine. Addressing the challenge, this thesis proposes and presents the
implementation details of a computational infrastructure, which is designed to store and
manage the different characteristics of a simulation model (parameters, executable files,
basic descriptive information, etc.), including their execution data.

The initial chapters of this work present the fundamental principles governing the
design, implementation and functionalities of such an infrastructure. Then, a set of
extensions are proposed that aim to enhance the capabilities of the system, and specifically
in the handling of semantic data, the definition of clinical questions and relevant answers
based on the model characteristics, as well as the management of multiple execution data
within the framework of a clinical trial. The practical utility of the entire endeavor,
including the Oncosimulators, is presented through the results of European Commission
funded research projects. These examples demonstrate how the proposed infrastructure can
serve as a key component in the transition of these computational tools from the research
laboratory to everyday clinical practice, where they can function as clinical decision support
systems. The thesis also presents a prototype implementation of this infrastructure,
providing a detailed description of the design techniques and the development tools used
(programming languages, etc.), its analysis into discrete, manageable components, and a
comprehensive report of various use cases along with their results. The thesis concludes
with a concise summary of the findings and outlines future extensions and directions for
further research and development in this vital area for the concept of personalized medicine.

In Silico Oncology: Definition and goals

Modern oncology is currently experiencing a shift towards personalized medicine.
This shift towards a new approach is driven by an increasingly deeper understanding of the
complex mechanisms underlying cancer. Within this dynamic landscape, in silico oncology
has emerged as a promising scientific field. It leverages computational modeling and
advanced simulation techniques to encompass the multi-layered biocomplexity of cancer
progression and response to therapy, thus enabling the development and implementation of
personalized treatment strategies. The primary goal of this approach is multifaceted: to
significantly enhance the effectiveness of cancer treatments, minimize the side effects
experienced by patients, and accelerate the development pace of new drugs. This is achieved
by creating virtual representations or digital twins of tumors and simulating their complex
interactions with various therapeutic interventions. In essence, in silico oncology extends
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the principles of mathematical modeling of biological systems to explain and predict the
dynamic behaviors of cancer. This is done by focusing on clinically guided, multiscale
simulation models of malignant tumors, taking into account that cancer is a disease that
manifests itself at multiple biological scales, from molecular and cellular to organ levels.

The ultimate goal of this science is to use these highly detailed models, after
rigorous clinical adaptation and validation, as patient-centered decision support systems and
treatment planning tools. This includes the ability to simulate oncology clinical trials, a
process that would otherwise be costly, ethically complex and time-consuming if conducted
exclusively in traditional laboratories or clinical settings. The efficient execution of these
complex simulations is often facilitated by advanced distributed computing infrastructures,
such as grid computing.

The genesis of in silico oncology can be traced back to pioneering research
conducted at the National Technical University of Athens (NTUA). The original term "in
silico radiation oncology" was first introduced in 2002, laying the fundamental conceptual
and methodological foundations for what would later evolve into the broader field of in
silico medicine. The Oncosimulator, a computational platform developed by the In Silico
Oncology and In Silico Medicine Group of the Institute of Communication and Computer
Systems (ICCS), quickly became a central, essential component of many completed
reserach projects funded by the European Union. These included high-impact initiatives
such as ACGT (Advancing Clinico-Genomic Trials on Cancer), ContraCancrum (Clinically
Oriented Translational Cancer Multilevel Modeling), CHIC (Computational Horizons In
Cancer), MyHealthAvatar (A Demonstration of 4D Digital Avatar Infrastructure for Access
of Complete Patient Information) and P-Medicine (From data sharing and integration via
VPH models to personalized medicine). Each of these projects had a common goal: to
develop, improve and clinically validate advanced multi-scale simulation platforms
explicitly designed to support personalized treatment planning for cancer patients.
Subsequent projects, such as DR THERAPAT (Digital Radiation Therapy Patient) and
BOUNCE (Predicting Effective Adaptation to Breast Cancer to Help Women to BOUNCE
back), further expanded the scope of in silico medical approaches, highlighting the potential
of this field.

In addition to its research contributions, the field of in silico oncology has also
achieved notable academic achievements. Greece, through the initiative of NTUA, is the
first country in the world to host a university-level course specifically dedicated to this
emerging field. The postgraduate course, entitled "Multiscale Cancer Modeling and In
Silico Medicine", was introduced at NTUA in 2014 and continues to be taught, training the
next generation of researchers and clinicians in this interdisciplinary field. This academic
initiative soon gained international recognition. The Virtual Physiological Human Institute
(VPHi), an international organization dedicated to the advancement of in silico medicine,
has explicitly highlighted simulation-based healthcare as a strategic direction for future
medical developments. At the same time, the Avicenna Alliance, a European industry body,
has officially endorsed in silico medicine, recognized Greece and NTUA as its birthplace,
and has actively participated in the development of strong regulatory frameworks to
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facilitate the widespread adoption and acceptance of in silico clinical trials. These
developments highlight the growing momentum and critical role that in silico oncology is
poised to play in the future of personalized healthcare.

The Oncosimulator: A digital twin for personalized cancer care

The Oncosimulator is a cornerstone in the growing field of in silico oncology. It is
designed to simulate the complex responses of both a cancerous tumor and the healthy
normal tissues surrounding it to a wide range of therapeutic strategies. What sets the
Oncosimulator apart is the ability to adjust these simulations precisely to each individual
patient, utilizing their clinical history, initial imaging data (CT and MRI scans, etc.) as well
as molecular and histopathological findings obtained from biopsies. Its primary mission is to
achieve the optimal cancer treatment for each patient, not through testing in a living
organism, but through computer experiments (thus the name in silico) of a multitude of
potential therapeutic approaches. Beyond its utility in supporting clinical decisions, the
Oncosimulator also serves a broader purpose: it aims to significantly enhance the scientific
understanding of cancer biology, facilitate the design of clinicogenomic trials, and provide a
tool for medical education. Based on the digital twin paradigm, the Oncosimulator creates a
dynamic, virtual replica of a patient’s tumor, allowing for the accurate simulation of tumor
progression and its predicted response to various therapies over defined time periods.

The operation of the Oncosimulator is structured around a seven-step process:

1. Data collection: This initial step involves obtaining a patient’s data that includes a
wide range of information, including detailed clinical records, various medical
imaging scans (such as CT, MRI, PET), histopathological findings from tissue
biopsies, and molecular data (e.g. genomic, proteomic, transcriptomic profiles). The
quality and completeness of this data directly affects the accuracy of the simulations.

2. Data preprocessing: Once the patient data is acquired, it undergoes a preprocessing
stage. During this phase, the heterogeneous data is transformed into a structured
format that is directly compatible with the Oncosimulator requirements. This often
includes anonymization, de-identification, and error checking to ensure data integrity
and patient privacy.

3. Treatment regimen definition: In this step, a clinician, based on their experience
and the patient’s initial diagnosis, defines a set of candidate treatment regimens.
These may include various radiotherapy plans, chemotherapy regimens,
immunotherapy protocols, or combinations thereof, which will then be tested in the
virtual environment.

4. Simulation execution: The defined treatment scenarios are executed on powerful,
distributed computing resources, typically using grid or cluster architectures. This
processing capability is essential, as it allows for the simultaneous and rapid
evaluation of multiple treatment options and a wide range of tumor parameter
combinations. This significantly reduces computational time, making the simulations
clinically useful.
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5. Prediction visualization: After the simulations are completed, the predicted tumor
response and potential toxicological side effects for all simulated scenarios are
depicted in detail using numerical diagrams, and 3D static and dynamic
visualizations of the tumor image throughout the simulation. The goal is to present
complex simulation results in a clear, actionable, and clinically understandable
manner.

6. Clinical evaluation: Taking into account the visualized predictions, clinicians enter
the outcome evaluation phase. They combine extensive medical knowledge, clinical
experience, and personalized patient information with the in silico predictions to
make an informed decision about the optimal treatment plan. This step highlights the
role of the Oncosimulator as a decision support tool, augmenting human expertise
rather than replacing it.

7. Treatment delivery and feedback: The selected, optimized treatment plan is then
delivered to the patient. Data is then systematically collected comparing the
Oncosimulator’s predictions with actual clinical outcomes and patient responses.
This continuous feedback loop is crucial for iteratively improving the
Oncosimulator’s prediction accuracy and overall performance, ensuring its clinical
utility.

The Oncosimulator is based on a "top-down" multiscale simulation strategy, a
pioneering approach developed and refined at NTUA. This strategy recognizes that cancer is
a multiscale disease, requiring modeling from the molecular and cellular levels to the tissue
and organ levels. The fundamental processes of this modeling involve the complex
perturbation of radiobiological or pharmacodynamic cell killing parameters, which are
dynamically adjusted based on the molecular data of the individual patient. The simulation
uses a system for quantifying cell clusters within a discrete grid that precisely covers the
anatomical region of interest. Within this grid, cell cycle phase durations and metabolic data
are used to determine the path to be followed by the cells of each unit of this grid.
Algorithms are then used to simulate macroscopic mechanisms, including dynamic tumor
expansion and contraction, the imposition of mechanical boundary conditions on tissues,
and the precise effects of various anticancer drugs and radiation on both cancerous and
healthy cells.

Mathematically, the Oncosimulator incorporates a range of computational
techniques. These include, among others, non-deterministic finite-state automata to model
complex cellular behaviors, Monte Carlo techniques to simulate stochastic processes such as
radiation deposition and cell death, and differential equations to describe continuous
changes in biological parameters over time. From a technological perspective, the
Oncosimulator leverages many cutting-edge technologies including dynamic and
multidimensional visualization tools for medical data input and simulation predictions,
advanced medical image processing techniques for extracting critical anatomical and
physiological information, execution acceleration mechanisms (such as grid architectures
for distributed computing), and robust systems for the secure and legally compliant transport
and storage of highly sensitive biomedical data.
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Technological challenges of the transition to personalized medicine

Despite the groundbreaking developments in in silico oncology and its promising
contribution to personalized medicine, several significant technological barriers currently
prevent its widespread adoption and full clinical implementation. A primary challenge lies
in the lack of a robust, scalable, and standardized infrastructure capable of efficiently
hosting computational models, performing complex simulations within clinically acceptable
time frames, and producing comprehensive, reliable, and clinically actionable reports from
the results generated. Managing the vast volume and inherent heterogeneity of patient-
related data, ranging from genomic sequences to detailed imaging scans and electronic
health records, presents enormous logistical and computational complexity. Furthermore,
while computational resources are undoubtedly necessary to perform these complex
simulations, especially when fast response times are critical for patient care, access to such
high-performance computing (HPC) environments remains a significant constraint for many
clinical settings. Furthermore, the inherent diversity of in silico models, each representing
different biological scales, physiological processes, or therapeutic approaches, poses
significant challenges in terms of their seamless integration and interoperability. Finally, the
challenge of converting raw simulation results into standardized, interpretable, and
clinically actionable reports for clinicians remains a critical area that requires substantial
further development and improvement.

Addressing these central obstacles requires a comprehensive and progressive
understanding of the theoretical requirements in several critical areas:

e Data management: Establishing rigorous standardization protocols for data
formats, nomenclature, and annotations is required to ensure semantic
interoperability across different systems and institutions. In addition, developing
secure, resilient storage mechanisms and robust management strategies for ever-
growing data sets is fundamental, especially while strictly maintaining patient
privacy and adhering to stringent data protection regulations (e.g., GDPR, HIPAA).
Establishing comprehensive data sharing frameworks that fully comply with the
FAIR (Findability, Accessibility, Interoperability, and Reusability) principles is
essential to enhance collaborative research initiatives and accelerate scientific
discovery.

e Model integration: Effective mechanisms are required for the seamless integration
of multi-scale models, which inherently represent different levels of biocomplexity
(molecular, cellular, tissue, etc.). The development of open platforms that actively
support the efficient sharing and practical reuse of in silico models is therefore
required to achieve true semantic interoperability between different modeling
approaches, mathematical formalisms and simulation tools

e Computational resources: In silico simulations require a robust high-performance
computing (HPC) infrastructure. This infrastructure must provide scalable resources,
specialized software for hosting and running models, as well as advanced analysis
tools. Optimization of algorithms and parallelization techniques is essential to
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achieve speed and implementation of results in time frames that are meaningful for
daily clinical practice.

e Ethical issues: Protecting the privacy and security of sensitive health data, as well as
limiting bias in Al models, are critical. Transparency and explainability enhance user
trust, while ethical frameworks must ensure the balance between scientific progress
and individual rights. Finally, accountability and fully informed consent of patients
are ethical imperatives.

The current state of personalized oncology

Modern personalized oncology is characterized by the rapid integration of advanced
technologies, with Clinical Decision Support Systems (CDSS), such as IBM Watson for
Oncology and CSCO Al, leveraging large data sets to provide personalized treatment
recommendations. At the same time, systems such as PREDICT focus on more specialized
needs, while newer CDSS based on large language models and machine learning enhance
the ability to predict and personalize.

In addition, Artificial Intelligence is used in imaging diagnostics, in the creation of
detailed patient profiles through genomic, imaging and clinical data, as well as in functional
precision medicine, which combines genetic analysis and ex vivo drug testing. Other
important technologies include telemedicine and remote monitoring, robotic surgery,
advanced electronic health record (EHR) systems with integrated CDSS tools, and
specialized mobile applications for oncologists and patients. Artificial Intelligence also
enhances drug discovery and reuse, while liquid biopsies offer non-invasive solutions for
cancer diagnosis and monitoring. Finally, gene editing technologies such as CRISPR are
opening new horizons, although they are still in the research stage.

Despite significant advances, the full clinical utilization of these tools depends on
their adaptation to existing workflows, consistency with clinical guidelines, ensuring
transparency and reliability, and the adoption of multifactorial approaches that enhance
precision and personalization in cancer care.

Conceptual system overview of the proposed infrastructure

The basic idea of the proposed infrastructure integrates relational databases, a web
application, and a file storage system. The web application acts as a "shell" around the
database, enforcing ACID (Atomicity, Consistency, Isolation, Durability) principles and
managing all communications and input data validation. A second layer is dedicated to
system security. The architecture emphasizes the standardization of stored descriptive
information using an appropriate relational database schema. It is designed to handle various
types of data, including model parameters (input and output) and associated files
(implementations, documentation, supplementary scenarios). Execution data, such as lists of
parameter values per patient and specialized simulation outputs such as graphs and PDF
reports, are stored in a combined database and file system for easy retrieval.

The system provides graphical user interfaces (GUI) that offer a range of functions
to end users. The main function involves editing the database content, where appropriate
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views are created per table, allowing users to perform all Create, Read, Update, and Delete
(CRUD) operations on stored objects. Input data is validated against existing database
information or model definitions (e.g., preventing biological parameter values outside of a
clinically useful range) before being stored.

For model executions, users are provided with a multi-step wizard that presents basic
model information, lists input parameters, and prompts for completion to start the run. Input
fields can be dynamically generated from the parameter table, ensuring that they are always
updated with the latest changes to the model. A second form presents the run results and can
generate printable reports in PDF format. Finally, UI tools allow basic analysis of saved run
results for any number of model executions. An initial implementation example is presented
in the context of the MyHealthAvatar project, including Oncosimulators for nephroblastoma
and breast cancer

Metadata generation for in silico models: A theoretical approach

There is a critical need for advanced data management strategies for computational
models in in silico oncology, particularly with the rise of hypermodels that incorporate
diverse biological scales and aspects of cancer. A theoretical infrastructure is proposed that
leverages semantic web technologies for metadata generation and management, adding
capabilities to existing data for improved machine understanding and interoperability. This
modular infrastructure is designed to work with various software tools, offering flexibility in
research environments. It is envisioned to connect to a broader metadata ecosystem to
support content publishing, advanced search, and compliance with legal and ethical
frameworks for healthcare data. The design incorporates access rights to serve distinct
stakeholders, with model authors having upgrade and maintenance privileges, while end
users benefit from user-friendly interfaces for running models and retrieving results. The
overall system includes seven main modules: the Initial Access Point, the Extract-
Transform-Load (ETL) module, two repositories (RDF data and knowledge base), and three
front-end applications (comment management, query management, knowledge base
management).

Clinical question and answer management

Extending the basic model and execution storage infrastructure, the basic principles
for handling clinical questions and their corresponding answers are presented. Through
these, a new part of the proposed solution can be created, whose main goal is to enrich the
execution results and translate them into valuable clinical knowledge that can be directly
applied to personalized medical decisions.

This is achieved by associating the values (individual or ranges) that each parameter
of a model can take with the appropriate descriptive information to create a question-answer
pair. These pairs will then appear in the execution reports of a model, facilitating the
extraction of qualitative conclusions about the course of evolution of a therapeutic regimen,
in addition to providing the numerical data of the execution itself.

The relevant system is governed by the following basic principles:
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e A clinical question has multiple clinical answers. Each answer is defined separately.
The answers are stored in a separate table with an n-to-1 relationship with the
question table.

e A clinical answer is associated with a model and one of its output parameters. It is
mapped to either a single parameter value or a specific range of values.

e Model executions include information about the input and output parameters. For
each output parameter, the value, the associated clinical questions, and the correct
answers based on the value are also stored. Each parameter-question-answer
combination is stored in a separate row.

Hyperion application: Implementation and future directions

The Hyperion application is a concrete and complete implementation of many of the
fundamental aspects and functionalities described in this thesis. It unifies the described
functionalities into a coherent, scalable software unit. The set of technologies chosen for
Hyperion aims for robustness, performance and maintainability. For data storage, Hyperion
uses MySQL, a widely adopted and highly reliable relational database management system.
The interaction between the application code and the database is managed by MyBatis, a
framework that facilitates the mapping of programming objects to relational database tables,
simplifying data access and manipulation. The database schema is managed with the Flyway
version control tool, ensuring consistency and reliability across different development
environments.

The Hyperion back end is built using Spring Boot and Java. This option provides a
strong enterprise-grade foundation, offering reliability, scalability to handle growing user
loads, data volumes, and added functionality, as well as portability across platforms. This
allows the application to run on a variety of operating systems and server environments
without specialized configurations for each of them. The presentation layer is developed
using React, a popular JavaScript library for creating dynamic and interactive user
interfaces. React’s component-based architecture promotes significant code reuse and
modularity, speeding up development and simplifying maintenance. Hyperion’s overall
code structure follows a well-defined three-tier architecture: the front-end (user interface),
controllers (which handle incoming requests and orchestrate business logic), and services
(which implement core business logic) that communicate with repositories (responsible for
accessing data and querying the database).

The main unit of Hyperion is the Model Repository. This central component is
designed for the comprehensive management of simulation models and all their associated
data. This is achieved through a structured set of interconnected database tables that deal
with the descriptive information, records, parameters, properties, and publications of a
model.

Furthermore, the Clinical Studies Repository is a critical feature that allows the
grouping and systematic management of multiple model executions. This is particularly
vital for collaborative clinical and statistical processing, allowing researchers and clinicians
to analyze simulation results across patient groups or different treatment scenarios. This
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repository meticulously links clinical studies with a single selected simulation model and
carefully anonymized patient data, ensuring confidentiality while facilitating large-scale
analysis.

The Hyperion system also integrates the Clinical Decision Support Repository for
managing clinical questions and answers. These are linked to specific models and their
output parameters. This capability allows the system to efficiently categorize run results,
translating complex numerical and visual simulation outputs into actionable clinical insights
that are directly relevant to patient care and decision-making.

In addition to the repositories, the system provides the following functionalities:

e Model execution: Users can initiate simulations for selected models, providing
patient-specific input data.

e Report generation: Hyperion can generate comprehensive reports summarizing
simulation results, tailored for clinical interpretation and decision support.

e C(linical study management: Generate graphs to analyze data from multiple
executions that comprise a clinical study.

Through the comprehensive analysis and detailed presentation of the Hyperion
application, the critical and urgent need for a robust, scalable and appropriately designed
technological infrastructure is highlighted. Such an infrastructure is essential to effectively
bridge the existing gap between highly complex in silico models and their practical
implementation in the personalized oncology landscape. The proposed solution, in particular
the innovative architecture and functionalities embodied by the Hyperion application,
represent a significant step forward in facilitating the seamless integration of these advanced
computational tools directly into the complex and time-sensitive clinical decision-making
process.

Future extensions include:

e Optimization to support multiple parallel executions, either through the use of
concurrency methods for individual instances, or through the use of computing
systems that provide services such as task management (Kubernetes), logging and
monitoring of the system state (Prometheus, Grafana) in combination with queue
management tools (RabbitMQ, Apache Kafka)

e Creation of a separate system for reporting and conducting clinical studies using data
ETL mechanisms, database schemas with fewer tables of more fields for faster
access and the use of distributed systems for the management of big data.

e Integration of the metadata generation section into the main application. Using
specialized frameworks such as Apache Jena, the Hyperion back end can
automatically generate metadata for its content and either send it to remote
repositories of interconnected data, or generate its own interfaces where it can
exchange it using queries and APlIs.

e Use of artificial intelligence and machine learning algorithms to upgrade the
mechanism for generating clinical questions. The aim is to involve more than one
parameter, so that they can answer complex questions that may involve more than
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one model, or the structure of a hypermodel, thereby creating corresponding “hyper-
questions”.
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1. Introduction

The landscape of oncology has been undergoing a major transformation, shifting
from traditional, generic treatment protocols towards personalized medicine. This approach
is heavily supported by an increasingly deeper understanding of cancer mechanisms
spanning from cellular to organ bio complexity levels, thus revealing the limitations of
uniform therapeutic approaches [1]. Therefore transforming therapies from rigid protocols
to procedures connected to the unique characteristics of the general clinical picture of
individual patients including but not limited to their tumors has become of utmost
importance in improving treatment efficacy and minimizing adverse effects [1].

In this context, in silico oncology has emerged as a promising field, harnessing the
power of computational modelling and simulation to navigate the complexities of cancer
and pave the way for personalized treatment strategies [2]. By creating virtual
representations of tumors and their interactions with various therapies, in silico oncology
offers the potential to enhance treatment outcomes, lessen side effects, and expedite the
discovery of novel drugs [2].

This chapter aims to define in silico oncology, explore essential models such as the
Oncosimulator, identify the primary challenges in its application to personalized medicine,
discuss the theoretical requirements for a supportive infrastructure, and review the current
state of technological advancements in this domain.

1.1. In Silico Oncology — Definition and main objectives

In silico oncology, at its core, is the result of the combination of computer science,
applied mathematics and medicine, specifically within the realm of cancer research and
treatment [2]. It leverages computer modelling and simulation to delve into the biological
mechanisms underlying cancer development, its progression, and its response to therapeutic
interventions [2]. The term "in silico", derived from Latin, signifies that these processes are
conducted on a computer or through computer simulation [2]. This approach involves the
creation of simulation models that visualize tumors and calculate their interactions with
different treatment modalities, enabling researchers to predict how cancer will evolve and
react to these treatments in a setting that is both risk-free and cost-effective [2].

In essence, in silico oncology extends the application of mathematical modelling to
biological systems in order to explain and forecast dynamics specifically within the field of
oncology, focusing on the development of clinically driven, multi-scale simulation models
of malignant tumors. The objective is to utilize these models, following rigorous clinical
adaptation and validation, as patient-specific clinical decision support and treatment
planning tools [3]. Standard procedures include the simulation of oncological clinical trials,
which would otherwise be prohibitively expensive or time-consuming, utilizing grid
computing infrastructures to enhance the efficiency and effectiveness of these simulations
[3]. This progression from basic simulations to sophisticated, Artificial Intelligence (Al)-
powered frameworks that integrate diverse omics data underscores the ever increasing
refinement and evolution of the predictive capabilities of computational models in oncology
[4]. The ability of in silico oncology to not only simulate existing biological knowledge but
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also to generate novel hypotheses and insights into cancer biology and treatment responses
positions it as a vital instrument for pushing the boundaries of cancer research [2].

The formal inception of in silico oncology, and more broadly in silico medicine, is
attributed to pioneering work at the National Technical University of Athens (NTUA). In
the 2002 article “In silico radiation oncology: combining novel simulation algorithms with
current visualization techniques”, not only the term in silico radiation oncology was
introduced but also the conceptual foundations of in silico medicine as a clinically oriented
computational discipline were laid [5]

Following this, the Oncosimulator, developed by the In Silico Oncology Group at
ICCS-NTUA, became a central component of the ACGT (Advancing Clinico-Genomic
Trials on Cancer) project. ACGT was one of the earliest EU-funded integrated projects to
explore patient-specific cancer modelling and is recognized as a foundational effort in the
development of in silico clinical tools. It demonstrated the use of multiscale models
incorporating clinical and genomic data to simulate tumor responses to treatment [6,7].

Subsequent European projects such as ContraCancrum (Clinically Oriented
Translational Cancer Multilevel Modelling) [8], CHIC (Computational Horizons in Cancer)
[9], and P-Medicine (From data sharing and integration via VPH models to personalized
medicine) [10] further developed and clinically validated advanced multiscale simulation
platforms in oncology. These efforts aimed to support clinical decision-making and to
personalize therapy planning. Later projects like DR THERAPAT (Digital Radiation
Therapy Patient) [11], focusing on decision support for personalized radiotherapy, and
BOUNCE (Predicting Effective Adaptation to Breast Cancer to Help Women to BOUNCE
back) [12], which studied breast cancer patients’ resilience trajectories through predictive
modelling, expanded the scope and impact of in silico medical approaches .

Academically, Greece became the first country to host an official university-level
course dedicated to this emerging field. The doctoral-level course titled “Multiscale Cancer
Modelling and In Silico Medicine” was introduced in 2014 at NTUA and continues to be
taught today [13]. International recognition followed in 2019, as Virtual Physiological
Human Institute (VPHi), a key European organization advising the European Commission
on the future of in silico medicine [14]. VPHi repeatedly emphasized the importance of
simulation-based healthcare as a strategic direction for European biomedical research [15].
Additionally, the Avicenna Alliance, which emerged from the FP7 Avicenna Roadmap
initiative, formally endorses the discipline of in silico medicine. This alliance brings
together academic and industrial partners to advance regulatory frameworks for in silico
clinical trials, working closely with standardization bodies such as ISO and IEC [16].

1.2. The Oncosimulator

The Oncosimulator, a pivotal advanced information system in in silico oncology, is
engineered to simulate how tumors and affected normal tissues respond to various
therapeutic strategies [17]. These simulations are uniquely tailored to each patient, drawing
upon their clinical, imaging, histopathologic, and molecular data [17]. The primary aim of
this tool is to optimize cancer treatment for individual patients by conducting computer-
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based (in silico) experiments on a range of potential therapeutic approaches [17]. Beyond
direct clinical support, the Oncosimulator serves as a platform for deepening our
understanding of cancer, designing clinicogenomic trials, and facilitating medical education
[17]. Inspired by the digital twin paradigm [18], it aims to simulate the progression of
tumors and their response to treatment over time.

The Oncosimulator operates through a structured, seven-step process [19]. First, it
involves obtaining the patient's specific data, including clinical details, imaging scans,
histopathological findings from biopsies, and molecular information [19]. Second, this
collected data undergoes preprocessing to ensure it's in a suitable format for the simulation
module [19]. Third, clinicians define one or more candidate therapeutic schemes and/or
schedules to be tested [19]. Fourth, these simulations are executed on distributed grid or
cluster computing resources, enabling the concurrent evaluation of multiple treatment
options under various tumor parameter combinations [19]. Fifth, the predicted tumor
response and potential toxicological side effects for all simulated scenarios are visualized
using a range of techniques, from simple graphs to virtual reality renderings [19]. Sixth,
clinicians carefully evaluate these predictions, drawing upon their medical knowledge,
experience, and the logical basis of the results, to decide on the optimal treatment plan for
the patient [19]. Finally, the chosen treatment plan is administered, and simultaneously, data
comparing the predictions with the actual outcome are collected and used as continuous
feedback to refine and improve the Oncosimulator's accuracy [19].

The Oncosimulator is based on the "top-down" multi-scale simulation strategy
developed by the In Silico Oncology Group at the National Technical University of Athens
[5,20-22]. Provided the Oncosimulator has been validated (retrospectively and
prospectively) for a specific application, the imaging, histopathological, molecular, and
clinical data of a given patient, following pertinent preprocessing, are introduced into the
Tumor and Normal Tissue Response Simulation Module. This module executes the
simulation code for a defined candidate treatment scheme (Fig.1-1). The clinician judges the
prediction, and if a decision is made to test a further scheme in silico, this is done
analogously. Ultimately, the clinician decides on the optimal treatment scheme to administer
based on their formal medical education, knowledge, and the predictions of the
Oncosimulator.

The most fundamental processes implemented by the Oncosimulator involve using
processed molecular data to perturb the radiobiological or pharmacodynamic cell-kill
parameters about their population-based mean values. At the core of the simulation
approach lies a prototype system of quantizing cell clusters within each geometrical cell of a
discretizing mesh, covering the anatomic area of interest. Cell-cycle phase durations and
imaging-based metabolism distribution define the quantization equivalence classes
considered. Several algorithms have been developed to simulate various macroscopic
mechanisms such as tumor expansion or shrinkage and mechanical boundary conditions, as
well as the effects of particular drugs (e.g., vincristine, epirubicin, etc.) and radiation on the
tumorous and normal tissue under consideration.
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From a mathematical standpoint, the Oncosimulator's constituent models utilize
several notions and methods, including nondeterministic finite-state automata, the generic
Monte Carlo technique, differential equations, general algorithm, and complexity theory.
Technologically, numerous current technologies are employed to dynamically and
multidimensionally visualize both medical data input and simulation predictions (e.g.,
through virtual reality platforms), to process medical images [23], to accelerate executions
(e.g., through grid architectures), and to securely and legally transfer and store biomedical
data (e.g., through pseudonymization).
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Figure 1-1. Block diagram of the Oncosimulator’s function

The Oncosimulator's capacity to integrate diverse data types and forecast treatment
outcomes signifies a substantial advancement towards more comprehensive and
individualized modelling in personalized in silico oncology [17]. The structured seven-step
process highlights a clear pathway for translating intricate biological data into clinically
relevant insights, which is crucial for the eventual integration of in silico oncology into
routine clinical practice [19].
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1.3. Main technological challenges towards personalize medicine

Despite the remarkable advancements in in silico oncology and tools like the
Oncosimulator, a central hurdle remains in the widespread application of personalized
medicine within this field: the infrastructure required for hosting models, executing
simulations, and generating reports and analyses of these executions. The complexities
involved in managing and processing the vast amounts of patient-specific data necessary for
in silico oncology present a significant challenge [24].

Robust computational resources are essential to run the intricate simulations within
clinically relevant timeframes, yet access to such infrastructure may be limited [4].
Furthermore, the integration of diverse models that represent different biological scales and
therapeutic modalities poses a considerable difficulty [3]. Finally, the generation of
standardized and clinically meaningful reports from the outputs of these simulations remains
a critical area needing development [24]. The absence of a standardized and scalable
infrastructure acts as a major impediment, hindering the broad adoption of in silico
oncology in personalized medicine [24].

Overcoming these challenges is vital to translate the immense potential of
computational models into tangible benefits for individuals battling cancer. The
infrastructural needs extend beyond mere computational power, encompassing sophisticated
data management systems, interoperable model and data repositories, and user-friendly
platforms that enable clinicians to access and interpret simulation results effectively [24].

This multifaceted challenge underscores the interdisciplinary nature of building a
robust foundation for enhancing personalized medicine by utilizing the outcomes of in silico
oncology. Addressing the central hurdle requires a comprehensive understanding of the
theoretical requirements for building such infrastructures These requirements span several
critical domains, including data management, model integration, computational resources,
and ethical considerations.

Effective data management is paramount, necessitating the integration of
heterogeneous data from diverse sources such as clinical records, medical imaging, and
various omics platforms (genomics, proteomics, etc.) [18]. To ensure interoperability, the
standardization of data formats, nomenclature, and annotations is crucial [24]. The secure
storage and management of these large-scale datasets, while upholding patient privacy and
data protection regulations, are also fundamental [24]. Furthermore, the establishment of
data sharing frameworks that adhere to the FAIR principles (Findability, Accessibility,
Interoperability, Reusability) is essential for advancing collaborative research [24]. The
quality and annotation of datasets used to train and validate in silico models directly impact
their reliability and predictive power [24]. Finally, maintaining the traceability and
provenance of data throughout the modelling and simulation pipeline ensures the integrity
of the results [25]

Model integration forms another cornerstone of the required infrastructure.
Frameworks are needed to integrate multiscale models that represent the intricate hierarchy
of biological organization, from molecules to entire systems [3]. Achieving semantic
interoperability between different modelling approaches and simulation tools is vital for
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creating a cohesive and usable infrastructure [26]. Platforms that support the collaborative
development, sharing, and reuse of in silico models can accelerate progress and prevent
redundancy [26]. Standardized formats and interfaces for model exchange and composition
will further enhance the modularity and flexibility of the infrastructure [27].

The computational demands of in silico oncology necessitate robust computational
resources. Access to high-performance computing (HPC) infrastructure, including both
clusters and cloud-based solutions, is essential for running complex simulations [4]. The
infrastructure must provide scalable computing resources to handle the computational
intensity of large-scale simulations [26]. Specialized software and tools tailored for model
development, simulation execution, and data analysis are integral components [24]. Finally,
the implementation of efficient algorithms and parallelization techniques is crucial for
optimizing simulation performance and achieving results within clinically relevant
timeframes [19].

Ethical considerations are paramount in the development and deployment of
infrastructures for personalized in silico oncology. Ensuring the privacy and security of
sensitive patient health information is non-negotiable [24]. Addressing potential biases
embedded within data and models is critical to prevent the exacerbation of health disparities
[24]. Transparency and explainability of Al-driven models are vital for fostering trust
among both clinicians and patients [25]. Ethical frameworks governing data sharing and
reuse must strike a balance between advancing research and safeguarding individual rights
[24]. Clear lines of accountability and responsibility must be established for decisions
informed by in silico predictions [28]. Lastly, obtaining informed consent for the collection
and use of patient data in in silico research is an ethical imperative [28].

1.4. State of the Art

The current state of the art in technological assistance for personalized oncology
reveals a significant integration of advanced technologies to aid physicians in providing
tailored care. Clinical Decision Support Systems (CDSS) have emerged as valuable tools,
exemplified by Watson for Oncology (WFO), an Al-based system that offers evidence-
informed treatment recommendations drawing from the National Comprehensive Cancer
Network (NCCN) guidelines and a vast body of medical literature [29]. WFO supports
clinicians in making decisions across various cancer types, including lung, colon, and breast
cancer, by analyzing patient data and providing ranked treatment options with links to
supporting evidence [29]. Similarly, the CSCO Al system, developed in China, based on
national guidelines and extensive data, focuses on providing personalized treatment
suggestions specifically for breast cancer [29]. Other CDSS, such as PREDICT, offer more
focused support, helping patients and clinicians understand the potential survival benefits of
different treatments for early invasive breast cancer [30]. The development of AI-CDSS
leveraging advanced models like those powered by ChatGPT demonstrates the continuous
evolution of these tools towards enhanced data processing and prediction accuracy, as seen
in the context of breast cancer recurrence [31].
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Beyond CDSS, a multitude of other technologies are being employed to assist
physicians in delivering personalized oncology care. Al-driven diagnostics are increasingly
utilized to analyze medical images, such as X-rays, CT scans, and MRIs, enabling more
accurate detection of cancer [32]. Functional precision medicine represents a novel
approach that combines genetic testing with the direct screening of drug efficacy on living
tumor cells derived from a patient, offering a personalized strategy particularly valuable
when actionable mutations are not readily identifiable through genomics alone [1].
Comprehensive genomic profiling has become a cornerstone of personalized oncology,
providing detailed insights into the molecular characteristics of a patient's tumor to guide
targeted therapies [1]. Al is also being applied to patient profiling, analyzing complex
datasets encompassing genomics, imaging, and electronic health records to tailor cancer
therapy to individual needs [25]. The integration of telemedicine and remote monitoring
through apps and platforms allows for remote consultations and the tracking of treatment
toxicities, improving patient convenience and potentially treatment outcomes [33]. Robotic
surgery offers surgeons enhanced precision and control in complex cancer procedures [34].
Electronic Health Record (EHR) systems, such as iKnowMed, are being equipped with
integrated decision support tools to provide point-of-care guidance to oncologists [35].
Mobile applications like ONCOassist provide oncologists with immediate access to tools for
risk stratification, drug dosage calculations, and chemotherapy protocol planning [35].
Furthermore, Al is playing a crucial role in drug discovery and repurposing efforts,
accelerating the identification of new therapeutic candidates and potential new uses for
existing medications [4]. The development of liquid biopsies offers a less invasive method
for detecting cancer signals in blood, facilitating both diagnosis and monitoring [33].
Finally, gene editing tools like CRISPR hold future promise for the precise correction of
genetic aberrations underlying cancer [36]. While these advancements demonstrate a clear
trend towards leveraging Al and machine learning to manage the complexity of cancer, the
effectiveness and integration of tools like CDSS are still influenced by factors such as
guideline variations and the need for further optimization within clinical workflows [37].
Functional precision medicine offers a valuable complementary strategy to genomics-based
approaches, highlighting the importance of multifaceted approaches in tailoring cancer
treatment [1].

1.5. Chapter overview

Following this introduction of basic principles chapter 2 presents the fundamental
characteristics for a simulation model hosting infrastructure. It provides the overall
architecture, a detailed description of the individual components, and portrays an initial
implementation paradigm in the context of the MyHealthAvatar project [38], combined with
two of the Oncosimulator branches, Wilms tumor and breast cancer. Chapter 3 proposes a
modular extension of chapter 2’s framework, that can extract, store and query semantic
metadata related to the contained simulation models, their characteristics and their execution
results.
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In chapter 4 we explore the next level of simulation model technological integration
by demonstrating the capabilities of the Oncosimulator in the context of Clinical Decision
Support Systems (CDSS). Through the example implemented for the P-Medicine project
[17], we show the integration procedure implementation details and the results as provided
in the overall system output. Furthermore, in chapter 5, we deal with the notion of
standardization of clinical questions and their answers. Through a second extension of
chapter 2’s outcome, we enrich the functionality of our proposed work by the creation,
storage, definition and usage of clinical answers. By including the pertinent information in
model execution results, both main stakeholders (clinicians and modelers) can benefit from
either the increased information and its delivery pace to assist in a more person-oriented
medical decision-making, or the further textual classification of multiple model execution
results, which through a proper presentation and calculation layer can provide useful
insights for model adaptation and validation.

Chapter 6 presents the Hyperion application, which implements numerous aspects of
the work mentioned in previous chapters. Using the previous projects as an example, it
encloses all the described functionality in a single cohesive but scalable and extendable unit.
We describe aspects such as the technical stack, the implementation details, the different
internal modules in all three layers (front-end, back end and database schema). Chapter 7
lists the usage workflows of Hyperion, along with the application’s results for each of its
functionalities. Our work is concluded with the final discussion in chapter 8.
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2. Basic Principles for Model Hosting Infrastructures

This chapter delves into the foundational principles and architectural design of a
model hosting infrastructure. It outlines the conceptual underpinnings of the system,
emphasizing the integration of relational databases and file storage for robust data
management. Furthermore, the chapter details the key components of the infrastructure,
including its core based on the Model-View-Controller (MVC) pattern, the persistence layer
responsible for data storage, the graphical user interfaces facilitating user interaction, the
Application Programming Interface (API) enabling data exchange, and the security
measures implemented to ensure data integrity and user authentication. By listing the
interrelations between these components, this chapter provides a comprehensive overview
of the infrastructure's architecture. Finally, it introduces the MyHealthAvatar [1] paradigm
and two specific Oncosimulator models (Wilms tumor [2,3] and breast cancer [4,5]) as
illustrative examples of the infrastructure's application and versatility in handling diverse
simulation tools and user needs.

2.1. Conceptual system overview

The primary idea, on which the present infrastructure as well as the paradigm
prototype have been built, is based on a combination of relational databases, a web
application and a file storage system. Aiming to ensure the enforcement of the Atomicity,
Consistency, Isolation, Durability (ACID) principles and the handling of properly formed
data, the database set is “wrapped” by the web application, thereby acting as a “shell”,
which includes all communication methods and procedures between the infrastructure and
the stakeholder groups, as well as all input data validation controls. Around this shell lays a
second one, related to the security of the entire system.

To achieve a level of standardization of the stored data, a suitable schema had to be
selected for the relational databases. According to this schema, for each stored object, its
individual characteristics and structural elements are placed in different tables. One table
handles one specific feature for all stored objects. To represent a stored object in full, these
tables are linked together with one-to-many or many-to-many relations.

Figure 2-1 shows the high-level conceptual diagram of the envisaged system. This
initial blueprint has been appropriately modified and extended, taking into account the types
of the prospective users and their particular needs for communicating with the
infrastructure. These modifications have been developed to satisfy a set of user
requirements, which was introduced during the early stages of the infrastructure
implementation.

2.2. Components and Interrelations

Infrastructure “core”. The infrastructure backbone is based on the model-view-
controller (MVC) [6] architectural pattern. Each data storage unit — in this case, a database
table — is assigned to a model. All available functions for model manipulation are accessed
by the users through the controller methods. These include modifications of the database
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contents, tool executions, application programming interface (API) calls, return of
corresponding results, and communication with the individual engines (execution,
report/analysis, etc.). The controller methods are accessible via different URLs. This
dictates the operation of the views that correspond to the graphical user interfaces (GUISs).
The views are provided to the users for the subset of the model-manipulating functions,
which require manual input, such as uploading a tool. The application of the MV C pattern to
the conceptual system diagram of Figure 2-1 results in the more specific infrastructure
architecture depicted in Figure 2-2.
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Figure 2-2. Architecture infrastructure

Peristence Layer. This is the part where the information that is managed by the
infrastructure resides. It consists of one or more relational databases, depending on the
desired implementation details, as well as a designated folder system within the OS for file
storage. It includes the information that pertains to the simulation models and additional
software tools that may assist in the model execution. The entity—relationship schema,
which is adopted, groups and separates the various characteristics and structural components
of a model, in a manner that is unaffected by the model format, functionality, or simulated
condition. Any data used in model executions are also placed in another database or a well
defined set of tables, which may also be used as storage for execution results. Depending on
the desired implementation scale, additional tables, associated with the operation of other
infrastructure parts, can be grouped on a separate database or be included into the data
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repository on an ad hoc basis. A typical example is the use of a table as a log for model
executions, which can be fed by the model execution engine.

To create the schema for the repository databases, a number of assumptions are
made in order to achieve the conceptual separation of a model’s characteristics:

e Each model has basic descriptive information, which is stored separately from its
implementations and other basic features.

e One or more properties further describe and/or classify a model. These properties
provide additional information about the model and may relate to its operating
principle.

e The descriptive information or a property and its value per model are stored in
different tables. A property value is connected to the model it characterizes using a
many-to-many relationship with a dedicated table, thereby facilitating the reuse of
the property in several models.

Furthermore, each model has a number of parameters, which are divided into input
parameters and output parameters. It is also accompanied by a set of files that include the
model implementations, documentation and instructions, supplementary scripts, etc. The
database holds all the descriptive information, whereas the actual files (data) are stored
internally in a file-based repository or a designated folder system within the operating
system. The execution data are stored as lists of parameter values for a given model, and
they can appear in the form of files, especially in the case of execution results. These lists
are currently made of value sets per subject. Two different values for a given parameter can
refer to the same subject if the parameter refers to a biological marker measured more than
once overtime (e.g, a subject’s white blood cell count). In addition to the value sets, any
specialized simulation output (graphs, constructed pdf reports, images, etc.) are stored in the
layer’s file storage, where they can be retrieved as necessary.

Graphical user interfaces. A set of functionalities are available to the end users, via
a graphical environment. The main one involves editing the contents of databases. Using the
MVC models as blueprints, suitable views can be created per table, containing data fields
that match the table columns. Therefore, the user can perform all create, read, update, and
delete (CRUD) operations on the stored objects. Input data are validated before committing
a transaction according to pertinent information already located in the databases or defined
in the model implementations (e.g. preventing the user from setting a biological parameter
value for a model execution out of its permitted range, which is stored in the parameter
table).

As it pertains to model executions, in the simplest of cases, the user can be provided
with a view for a particular model that can present its basic information, a list of the input
parameters, and prompt the user to complete them and start the execution. The input fields
for these parameters can be either explicitly included in the view if it is preconstructed with
handwritten code or received dynamically from the database with a query to the parameter
table asking for the input parameters of the model. This way the form is created on-the-fly
thus being always automatically updated with the latest changes of the model. The view is
responsible for presenting the results of an execution to the user. It also provides the ability
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to produce printable reports (e.g, in pdf format). For multiple models directed toward the
same disease or addressing different aspects and variations of a given disease (e.g, showing
all models addressing one specific type of cancer), the view can take the form of a wizard,
which enables the user to initially determine the disease or variation they want to
experiment with and then choose the desired model from a suitably selected set. To further
distinguish this model execution functionality from the rest of the infrastructure GUISs, this
wizard-based environment will from now on be referred to as the model execution module.

Finally, since the capability exists to store any number of model executions, a set of
UI tools is provided with which the user can ran some basic analysis of the stored execution
results and produce pertinent graphs. These functionalities can help the modeler in their
adaptation and validation procedures.

API. This is the infrastructure gateway with respect to data exchanges with the GUI
as well as with third-party applications and the independent modules. The representational
state transfer (REST) architectural style is used, and the exchanged data are in JavaScript
Object Notation (JSON) format. Similar to the previous component, database CRUD
capabilities are offered, albeit on a larger scale (actions on multiple or all entries of a table
or on a query-determined set of them), by using all the classic HTTP methods (GET, POST,
PUT, DELETE). The set of the included web services is accessible by a URL system, the
form of which is determined through the API implementation software. For simplicity, a
common form is suggested with the URL system of the controllers.

Security. The infrastructure is accessed from two different types of users (humans
and third-party applications). This dictates the required security measures that provide
authentication and authorization services. For physical users, a username/password system
is utilized, which also supports granting specific access rights to certain parts of the
infrastructure to distinct user group profiles (e.g, clinician, modeler, etc.). For applications
requiring access to the infrastructure, appropriate web protocols are used. Common solution
is OAuth2.0, [7] which is used by companies like Google and Facebook and/or JWT or API
key solutions to secure the application’s APIs. External security mechanisms can also be
used in cases where the infrastructure is part of a larger platform (e.g, a trusted third party
can handle all the identification and the chosen user group rights policies and provide access
via a single sign-on mechanism). In this case, all that is required is the notification/alteration
of the controllers to allow the requested functionality and communicate with the established
mechanism. For a standalone version, the security features are included as parts of the
infrastructure. Data about individual users, user groups, and access rights can be stored in
tables in the database layer. The login and sign-up procedures are performed through the
views. Finally, the API with the proper additions to its pool of web services can undertake
the identification of external applications before any remote data exchanges take place.

Independent modules. To enhance the overall operation of the infrastructure,
specialized modules are used occasionally, which perform specific processes pertaining to
either the transformation of the stored data or performance optimization.

The model execution engine is tasked with the management of all requested and
pending model executions. Any requested model execution is treated as a separate task and
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handled properly, while its status is monitored. The relevant information is stored in real
time in the database layer, from where it can be retrieved later for reporting reasons,
statistical analyses or any clinical consideration. The need for such a component emerges
implicitly from the diversity of the stored models since, depending on the disease, the
biological level whose functions are simulated and the methods of development used for the
model creation, it is possible that model execution times can vary, reaching from a few
seconds up to hours.

The analysis/reporting tool has a double role. First, in an effort to facilitate the
clinician’s work, it can communicate with the database layer, retrieve the results of an
execution and create a visual and a downloadable pdf report containing these results. The
tool can also be beneficial for the modeler, as a model can be chosen, and correlation graphs
for its variables can be created, using all the available execution data. This can help the
modeler with the adaptation and/or validation procedures.

As a theoretical addition, a metadata creation module can be also be considered
(simulation model semantic annotator). Such modules can assign metadata to the stored
models, and/or any pertinent data, in order to achieve semantic linkage. As a bare minimum,
a semantic URL can be stored along with each entity in a specific database field.

2.3. The MyHealthAvatar paradigm

Based on the blueprint of Figure 2-2, a working prototype application, named
IAPETUS, had been implemented in the context of the MyHealthAvatar project. The
MyHealthAvatar project was a feasibility study, aiming to collecting personal data and
utilizing them to advance healthier lifestyles through various processes, including disease
prevention. This led to a scenario-based design, including use cases and workflows that
implement them. The initial objective was to create a repository that would host the models
to be developed and used for the project purposes, along with the necessary execution data.

2.3.1. Implementation stack
The majority of the infrastructure components were implemented using the Python

programming language through various software developing tools. More specifically, the
Django framework [8] was used for implementing the MVC mechanism of the
infrastructure “core”, Tastypie [9] was used for the API RESTful web services, and Celery
[10] was chosen as a task creation mechanism for the model execution engine. The engine
operated by combining Celery with a message broker (RabbitMQ [11]) and a separate result
back-end database (MongoDB [12]). Security was handled by the inherent Django user
authentication system and the Django OAuth Toolkit, [ 13] which was used to verify external
applications requesting access, using the OAuth2.0 standard. Finally, the relational
databases were built using MySQL.

It should be noted that according to the Django interpretation of the MVC pattern, a
view is used as a callback function for a particular URL. This means that, in an attempt to
separate content from presentation, a view “determines which data are presented to the user,
not how they are presented”.[8] Data presentation is handled by the so-called templates,
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which, in the majority of cases, are implemented as html pages that are sent to the user’s
screen. Therefore, a more accurate description of the approach would be model-template—
view (MTV). This means that for this initial implementation of the component description
mentioned in section 2.2, the MVC controllers were the Django views and the MVC views
were the Django templates. Following the principles of the MVC — or in this case, MVT —
pattern, it was possible to capitalize on the potential for scalability offered by Django and
include the model execution module.

2.3.2. The Wilms tumor Oncosimulator
The primary example was the nephroblastoma (Wilms tumor) Oncosimulator [2,3],

developed by the In Silico Oncology and In Silico Medicine Group, Institute of
Communication and Computer Systems, National Technical University of Athens. It is a
model that simulates tumor response to preoperative chemotherapy treatment with
actinomycin and vincristine. It is developed with discrete mathematics, following a top—
down approach. The model starts from the macroscopic high biocomplexity level (imaging
data) and proceeds toward lower biocomplexity levels. The macroscopic anatomic region of
interest is either manually or semi-automatically annotated by the clinicians on MRI
imaging sets acquired at the time of diagnosis. A virtual cubic mesh is used for the
discretization of the area of interest (tumor) of which the elementary cube is termed
geometrical cell. A hyper matrix, i.e., a mathematical matrix of (matrices of (matrices... of
(matrices or vectors or scalars))), corresponding to the anatomic region of interest is
subsequently defined. The latter describes explicitly or implicitly the local biological,
physical, and chemical dynamics of the region [2,3,14].

The basic mechanism of the model is based on the separation of biological cells
within a geometric cell (otherwise known as volume element or voxel) through hypermatrix
into equivalence classes. Each cell, depending on its mitotic potential and its current phase
of the cell cycle, is assigned to one of these classes. Then, a series of status variables
(oxygen and glucose concentration, cell number in the voxel and number of cells hit by
therapy), and the application of transitional algorithms from a cellular state to another in
periodical time intervals, determine the next overall state of the voxel and its cells.

The nephroblastoma Oncosimulator is implemented using the C++ language. The
primary outputs of the model are a series of RAW image files displaying the tumor volume
for each day of the treatment period and a set of DAT files containing all the numerical
results (tumor growth percentage, etc.).

The nephroblastoma use case addresses directly two out of the four different
categories of users defined in MyHealthAvatar, modelers (also corresponding to the more
general category of biomedical or basic science researcher) and clinicians. Modelers are
expected to focus mostly on the functionality of repositories, while their calls to the model
execution module will generally be limited in number and their sole purpose would be to
further calibrate and fine-tune their creations. On the other hand, doctors are expected to ask
for a lot more model executions. As such, any involvement with the storage facilities and/or
the API will be limited to uploading and retrieving medical data and saving result reports.
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With the exception of medical data uploading, all other pertinent commands will be given
through the tool execution module, to ensure minimal direct involvement with the repository
CRUD mechanisms.

2.3.3. The breast cancer Oncosimulator
A second paradigm was based on another simulation model, the breast cancer

Oncosimulator, which has been developed outside the scope of the MyHealthAvatar project.
It aimed to demonstrate the versatility of the infrastructure by highlighting the general
principles that were used to create the infrastructure database schema along with the
workflows developed for the two different kinds of users and how they could be used to
accommodate any kind of model.

The breast cancer Oncosimulator simulates the vascular tumor growth and the
response to antiangiogenic treatment of breast cancer, through the administration of
bevacizumab, a monoclonic antibody that prevents the connection of the vascular
endothelial growth factor (VEGF) with the corresponding receptors on the endothelial cells
surrounding the tumor. It is based on a system of ordinary differential equations, which
describe the tumor volume and its carrying capacity, i.e. the maximum tumor volume that
can be supported by the given vasculature [4,5]. The model is implemented as a set of
MATLAB M files. One of them assumes the role of the master script and subsequently calls
the others. The input parameters are fed as a Comma-Separated Values (CSV) file and the
output is a diagram in which the tumor volume and its carrying capacity over time are
plotted.

MATLAB is a language which, in contrast to lower level programming languages,
such as C++, is very tightly coupled to its own execution environment, which is the
MATLAB Compiler Runtime (MCR) [15]. This arrangement helped in demonstrating the
ability of the infrastructure to address the end user’s predicament of installing third-party
software in their devices to access and use the tool and model repository contents. All stored
models reside in the same physical machine as the infrastructure. In addition, the same
device is used for model executions and result storage. Therefore, any and all software that
is required for the model executions should be installed only in the infrastructure
deployment machine. This allows access to the infrastructure using devices such as
smartphones and tablets, which have less computational power in comparison to personal
computers and laptops and therefore are less probable to have highly specialized software
such as MCR installed within them.

2.3.4. Indicative Workflows

The modeler workflow is shown in Figure 2-3. After logging to the system, they
enter the model repository. Assuming that the objective is to upload a simulation model for
storage, data must be entered in at least three tables. First the general information table,
where the name and description of the model will be given, followed by the uploading of all
model pertinent files to the file table (executable file, documentation, auxiliary scripts for
additional functions such as visualization of results). Finally, a list of input and output
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parameters should be defined, which will facilitate the construction of the input form and
the result report from the model execution module. Defining properties and relating them to
the uploaded model is encouraged, albeit not compulsory.

Respectively, the clinician, after logging, would enter the repository only to register
information of a new patient and/or to provide one or more sets of values for a certain
patient, in order to use them subsequently as input for a simulation model. Then, they
proceed to the model execution module forms. The interface wizard will prompt them to
choose the following: model to use, and subject name, in that order. Then, a form appears
with the appropriate input fields derived from the rows of the parameter storage table, which
pertain to the chosen simulation model. After providing the desired inputs, the model
performs an execution. The results were displayed on the last wizard screen and could be
saved as a pdf file. Similarly, the clinician could download the saved report through the
interface of this application. The workflow is shown in Figure 2-4.
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Figure 2-3. Modeler Workflow
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2.3.5. Legal/ethics/security considerations

The development of the IAPETUS prototype as part of the MyHealthAvatar project
was subject to a set of legal and ethical guidelines. These guidelines stemmed from the
notion that the citizen becomes the main stakeholder and is able to freely upload and use
their own data in conjunction with any and all available software tools developed in the
project context. Especially in the case of patient-centered simulation models, privacy and
data protection issues could arise. Prior to the use of data from a simulation model, the data
owner should be aware of how the model will use their data, what new data will emerge
from the simulation results and who will be the owner of these data. A simulation model
should also operate under a security framework that prevents data loss or usage by
unauthorized parties. Furthermore, the interpretation of execution results can lead to liability
issues. A citizen is not necessarily expected to know the exact clinical meaning of all the
data produced by a simulation model execution. Therefore, any attempts by the citizen to
evaluate their own medical condition, outside of a clinical environment, could lead to
misinterpretations and thereby negatively affect the person’s psychological state. According
to the doctrine of informed consent [16], the citizen must be informed about these issues
before giving their consent for the use of their personal data.
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Figure 2-4. Clinician Workflow
The aforementioned issues, in conjunction with the types of stakeholders to whom

the present work is addressed, dictated the choice and implementation of the IAPETUS
security mechanisms. In order for a citizen’s data to be used, a key assumption is made: a
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clinician can use personal data, only under the specific informed consent of the data owner —
in this case, the citizen — and on condition that both parties are interacting within the
confines of a clinical environment. This means that the clinician and the citizen should be in
the clinician’s office, at the same time, in front of the same device (personal computer,
laptop, tablet, etc.). The use of the citizen’s data as input for one or more simulation models
is allowed only if the citizen has previously given their permission for such actions to be
taken and after an initial proper briefing regarding these actions has taken place. If the
infrastructure is hosted in a large healthcare provider (e.g. a hospital), then a clinician can
view, edit, and use the data that pertain only to the patients, whose consent they have
already obtained. Similarly, to protect the modelers’ intellectual property rights regarding
the models they have created, a model and its related information (files, parameters, and
property values) can be viewed by all IAPETUS users, but altered only by their creator. The
creator can also determine which of the files that they uploaded to the infrastructure can be
downloaded by other users and which files cannot.

In Django, all permissions are handled by the inherent authentication and
authorization system. By explicitly specifying the user roles of modeler and clinician and
defining the corresponding role rights, it is possible to prevent modelers from performing
CRUD operations on personal patient data and clinicians from altering tool parts and
specifications. Furthermore, the schema of the relational databases can be updated by
placing additional fields to store the creator of an object, where necessary. Therefore, when
a user views the object information, the comparison of the creator and viewer identities will
enable or disable the editability of the returned template. In the case of machine-to-machine
communication, the HTTPS protocol is used for the IAPETUS URL system, through the use
of Python’s Django-sslserver [17] package. Finally, if the users access the infrastructure
from devices using static IP address settings, then Django offers the option to allow access
only to specific IP addresses.
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3. Metadata Creation for In Silico Models — A theoretical
approach

The increasing sophistication of computational models in biomedical research,
particularly within the domain of in silico oncology, necessitates advanced strategies for
managing the vast amounts of associated data. In addition, the emergence of hypermodels,
which integrate diverse scales and facets of cancer, often comprising numerous
interconnected sub-models representing biological processes at various levels. The data
utilized and generated by these hypermodels are equally multifaceted, encompassing
genomic information, imaging data, and clinical trial results [1]. Effective management of
this intricate data, through well-defined metadata, is crucial for fostering collaboration,
validating findings, and translating research into clinical practice [2].

As a part of the Computational Horizons In Cancer (CHIC) project [3] a theoretical
infrastructure has been proposed, which leverages the principles of semantic web
technologies to enhance the management of hypermodel metadata. Semantic infrastructure
provides a framework that adds meaning and context to data, enabling more effective
machine understanding and interoperability. This often involves the use of formal semantics
to define relationships between data elements, creating a rich network of interconnected
knowledge [4].

The proposed infrastructure emphasizes modularity, enabling its operation with
diverse combinations of software tools, thereby offering flexibility and adaptability across
various research environments [5]. The infrastructure is envisioned to connect with a
broader metadata ecosystem to support content publishing, advanced search functionalities,
and enhanced compliance with legal and ethical frameworks relevant to healthcare data [5].
Recognizing the distinct needs of different stakeholders, the design incorporates access
rights for modelers to facilitate the upgrading and maintenance of their work, while
providing end users with user-friendly interfaces for model execution and effortless retrieval
of results [5]. The emphasis on a "semantic infrastructure layout" aligns with the growing
recognition of the importance of semantic approaches for managing data and models in
healthcare and life sciences [6].

3.1. Components Overview

As shown in Fig. 3-1, the overall system is comprised of seven main modules: the
Initial Access Point, the Extract-Transform-Load (ETL) unit, two repositories (RDF data
and knowledge base), and three front-end applications which provide users with access to
the repositories and their data (annotation management, query management, knowledge base
management).

3.1.1. User Roles
Individuals who will use the system will be given one of two sets of access rights.

The Common User role will be used by people who want to only retrieve stored metadata by
querying the RDF repository, such as citizens and clinicians, and consequently are allowed
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to access only the querying application. The Special User role is reserved for personnel such
as modelers and IT experts who update and maintain the information stored in the system.
They have access to all of the front-end components and can thus modify the contents of
both repositories.
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Figure 3-1. Schematic diagram of the proposed architecture layout

3.1.2. Entry Points
The system includes two "gateways" to communicate with the outside world. The

ETL unit takes on the task of transforming the data contained in the Model Repository, into
Resource Description Framework (RDF) statements, using mappings between the schema of
the former and ontology terms. As described in chapter 2, this unit is included in the
independent engines of the proposed hosting infrastructure layout. Depending on the
implementation, the ETL unit may be either integrated into the repository or used as a
separate application (standalone or a microservice) and called using REST APIs. Data can
be entered in to the system either upon data entry in the model repository, or by setting up
an event (cronJob, etc.) and allow the ETL mechanism to run periodically and update the
data.

The Initial Access Point is the first module encountered by anyone who wants to log
into the system. It identifies the users who request access and enforces the user roles by
granting access to the proper modules.

3.1.3. User Communication Components
The front end of the system consists of three applications, which are responsible for

user interaction with the system's repositories. Access to the contents of the former is
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provided through user query submissions. Furthermore, only special users are allowed to
insert, edit, or delete data. These applications connect remotely to the repositories through
web services which communicate with the formers' available SPARQL endpoints.

The annotation management application allows a special user to create mappings
between model resources and terms from ontologies contained in the knowledge base
repository. After entering the application, the user is provided with the ability to complete
the "annotation create / edit" form with the IDs of a resource and an ontology term in order
to create the desired mapping. Alternatively, they can submit queries to the appropriate form
for the retrieval of any of the two elements. For this reason, the application is required to be
connected with both repositories. Finally, a query can be submitted for the retrieval of an
existing annotation so that the user can edit it. It should be noted at this point that this
application is connected to only one of the RDF repository's SPARQL endpoints at any
given session and can use data and annotations published to that specific endpoint. Since the
RDF repository is intended to hold data from different sources (hospitals, health
organizations, research institutes, etc.) separately, each user must state their employer upon
registering to the system. As a result, any user actions will affect only their employer's
respective endpoint. Should a person have multiple employers, they must still choose one of
them when they sign in, in order for their work to affect only one endpoint.

The knowledge base management application has similar basic components to
those of the previous application. However, this application communicates only with the
knowledge base repository in order to combine terms from the different ontologies stored
there, using logical operations, in order to represent complex biological concepts. These
terms can later be used by the annotation management application to effectively annotate
these concepts. A user can either directly use the create/edit form to input ontology term
IDs, the desired operations, and create a combined term, search for said IDs if needed via
the query form, or retrieve a combined term in order to modify or delete it. The new terms
are stored in a separate RDF file, which resides at the knowledge base repository and also
contains links to the stored ontologies. This prevents multi-recording a combined term ID in
each of the ontology files, the terms of which it is made from.

The query application is the most crucial part of the front end, as it is responsible
for the communication between the users and the RDF repository. It is accessible by all
individuals regardless of their role. It includes a query form, in which the user submits the
query to the repository in SPARQL language. In this module, the system's federated query
engine is included. This tool receives the input query from the query form and breaks it into
individual subqueries in order to submit them to the possibly more than one different
SPARQL endpoints which publish the repository's data. This provides transparent access to
the contents of the latter, since the non-use of SERVICE and BINDINGS clauses in the
original query's body means that no prior knowledge of the data origin (which information
is published by which endpoint) or how they will be retrieved is required by the end users.
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3.1.4. Storage Components
This is the backbone of the entire system, which is practically divided into two parts

due to the partially different kinds of data stored (changeable totals RDF statements as
opposed to OWL ontologies) and the different access regulations that apply to each part
which result from the number and type of users that request to log in.

The RDF repository stores the bulk of the metadata in the form of RDF statements.
These metadata are derived from the operation of the ETL unit and the annotation
management application and can reach millions of statements in number. It also provides
the ability to create SPARQL endpoints, through which user-submitted remote queries are
handled and their responses are returned. This repository is expected to be used by a number
of different institutions which handle data of the scientific field. The basic requirement is to
make these data available to the public. At the same time, however, each institution seeks to
independently maintain control of their own information and bear responsibility for keeping
them up to date. A proposed solution is a virtual "partition" of the repository and assigning
each part (otherwise called an individual RDF store for convenience) to a separate SPARQL
endpoint. That way, each stakeholder can seamlessly perform any desired changes. This
solution dictates the use of the federated query engine, so that the end user is given the
impression that there is only one repository.

The knowledge base repository is smaller in size than the RDF repository and is
accessible only by special users. It contains the ontologies, the terms of which are used for
the annotation of resources, the file that contains the combined terms created by the
knowledge base management application, and one or more semantic reasoners, which are
used to produce new statements based on the existence of others, which are regarded as
axioms. In addition to any known reasoners (Fact++ [7], Pellet [8], etc.) which are suitable
for OWL ontologies, additional rule files may be stored, which extend the former and are
based on the specific characteristics of the system. The reasoners can also be available to the
RDF repository to allow the application of their rules directly on the RDF data or analyze
the SPARQL queries that posed to them, so the answer contains all the necessary additional
statements, or by applying incremental reasoning [9]. Finally, the existence of a SPARQL
endpoint serves as the module's communicator with both front-end applications with which
it cooperates.

3.2. The CHIC Project Paradigm

The aim of the project "Computational Horizons In Cancer (CHIC): Developing
Meta- and Hyper-Multiscale Models and Repositories for In Silico Oncology" was to
address the complexity of cancer and to describe the phenomena that are being caused by it
at the various biological levels of the human body (molecular, cellular, tissue, organ, etc.).
As the representation of the entire disease with a single model is not possible, hypermodels
are used; hypermodels are models made of elementary component models, or otherwise
called, hypomodels. This leads to the creation of hyper-terms which must be annotated,
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while the resources that hypomodels can be annotated with are expected to be combined in
the same way as the latter, thus resulting in the formation of hyper-resources[3].

For that reason, the project included a task whose objective was to create an
infrastructure capable of coping with the management of all this metadata. The heart of this
infrastructure was an evolved form of the solution developed in the context of the
RICORDO project [10]. The goal was to extend the provided infrastructure in order to meet
the needs of CHIC. This proposal seeks to achieve this goal through the decomposition of
the given RICORDO infrastructure. This is done in order to enrich it with any additional
required software components or to upgrade some of the existing ones. In this case, the
example of the hypermodeling creation process, the research for which is ongoing, is
followed.

A pertinent investigation was carried out, giving special attention to the RDF
repository and the federated query machine. In order to fully exploit the project's private
cloud, distributed open-source solutions are considered for the repository, such as HDRS
[11], 4store [12] and Virtuoso server's [13] clustered edition. For the federated query engine,
free, open-source software packages such as SPARQL-DQP [14], ANAPSID [15], FedX
[16], and ADERIS [17] are considered. Each of them implements a different approach to
achieve SPARQL endpoint federations, and the capabilities for contribution in the overall
result are being explored. Consequently, any changes might affect other components, such
as the knowledge base, having being implemented by a combination of OWLIink server
[18] with the Pellet reasoner.

3.3. Suggested expansions

Building upon the foundation laid out in the initial proposal, several key areas for
future research and development emerge. One crucial direction involves a deeper
investigation into the scalability and performance of the proposed semantic infrastructure
when dealing with the large datasets characteristic of in silico oncology research [19].
Exploring advancements in linked data technologies, the increasing availability of
comprehensive biomedical ontologies [20], and the development of more efficient semantic
data stores [21] could lead to significant enhancements. Another promising avenue lies in
the integration of advancements in artificial intelligence (AI) and machine learning (ML)
[22] to automate metadata extraction and semantic annotation processes, thereby reducing
manual effort and improving efficiency. Furthermore, exploring the potential for integrating
the infrastructure with existing in silico oncology platforms and linked open data initiatives
in the biomedical domain [23] could foster broader adoption and interoperability. The
development of user-friendly interfaces and application programming interfaces (APIs)
would also be critical for facilitating wider access and utilization by the research
community.
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4. Integration with Clinical Decision Support Systems (CDSS)

The growing realization that cancer is a complex and heterogeneous disease has
shifted oncology to the notion of personalized medicine, which advocates the tailoring of
treatment strategies to the individual characteristics of each patient so that therapeutic effect
can be maximized, side effects are reduced and patient overall life quality is improved [1].
Towards such a paradigm has included, Clinical Decision Support Systems (CDSS) have
now emerged as critical instruments meant to assist clinicians in making very well-informed
data-driven decisions at the point of care [3]. Adding up to this development are advancing
multiscale modeling approaches of cancer such as the Oncosimulator, which can mimic
tumor growth and drug response on an individual basis [2]. This chapter will explore the
integration of the Oncosimulator paradigm with CDSS to facilitate personalized medicine,
focusing on its application in the context of nephroblastoma and breast cancer.

4.1. CDSS definition

A Clinical Decision Support System (CDSS) is defined as any system specifically
designed to enhance clinical decision-making processes related to diagnosis or treatment
[3]. Initially conceived over four decades ago, CDSS have undergone significant evolution,
transitioning from simple rule-based systems to increasingly sophisticated platforms that
now incorporate elements of artificial intelligence and machine learning [3]. This
progression reflects the advancements in computing power and the growing capacity to
analyze complex medical datasets, enabling CDSS to provide more nuanced and relevant
support to clinicians [3]. Modern CDSS are frequently integrated into Computerized
Provider Order Entry (CPOE) systems and Electronic Health Records (EHRs), aiming to
prevent prescribing errors and other types of medical errors by offering features such as
default values for drug doses, routes of administration, and frequency, as well as checks for
drug allergies and interactions [3].

The architecture of a typical CDSS comprises three fundamental components [6].
First, the knowledge base serves as a repository of medical information, encompassing
clinical guidelines, protocols, and best practices. This knowledge is often structured in the
form of IF-THEN rules or represented through machine learning models [6]. Second, the
inference engine is the core processing unit that applies the rules or algorithms from the
knowledge base to the specific data of a patient, thereby generating recommendations or
alerts [6]. Finally, the user interface is the mechanism through which the CDSS presents its
findings to the user, which can be a clinician, a patient, or another healthcare professional.
This interface can manifest as dashboards, alerts, pop-up messages, or modules seamlessly
integrated within EHR systems [6].

CDSS supports many features related to the different aspects of the practice of
medicine [3]. Alerts and reminders can thus be created for such critical items as doses of
medication, drug interactions, known allergies, and preventive measures [3]. Diagnostic
support is offered through the analysis of patient data and arriving at possible diagnoses [3].
Furthermore, treatment recommendations can be made based on clinical guidelines and the
individual specifics of each patient [3]. Functionality extends to order facilitators that help
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choose appropriate tests, medications, and procedures, as well as display relevant and
updated patient information to the clinicians. In addition to supporting direct clinical work,
CDSS may also play a role in optimizing clinical workflows, helping with risk prediction
and prevention, and even patient engagement and education through personalized health
information [7].

CDSS can be categorized into several types based on the mechanisms behind each
type and their applications [6]. Knowledge-based CDSS depend on a rule and relation based
structure for storing knowledge derived from medical data; it is most frequently in the form
of IF-THEN logic, to provide advice about clinical activities. On the other hand, non-
knowledge-based CDSS rely on artificial intelligence, particularly machine learning, to train
with data generated historically, in order to detect any occurrence of patterns. Examples of
non-knowledge-based systems include those utilizing artificial neural networks (ANN) and
genetic algorithms (GA) [6]. CDSS can be further categorized by the timing of their use in
the clinical process, with respect to prediagnostic systems that aid a diagnosis preparation;
during-diagnosis systems which help in reviewing and filtering diagnostic options; and
postdiagnosis systems for data mining and predicting the events. Additionally, the
classification may include whether the CDSS is passive in that it provides information for
clinicians as they see fit, or active because it interacts directly with users through alerts and
recommendations integrated into the clinical workflow [12].

4.2. How CDSS Workflows Can Help Personalized Medicine

The role of workflows within CDSS is critical to personalized medicine, for they
permit integration and analysis of a multitude of patient-specific data [1]. These various
workflows can be designed to incorporate information from diverse sources such as EHRs
that provide detailed patient histories and accounts of clinical encounters, laboratory results
that reflect physiological states, imaging studies that give insight into various anatomical
and pathological features, genomic profiles that proffer a molecular interpretive framework
for diseases, and patient-generated health data that capture real-world experiences and
outcomes [1]. An analysis of this broad set of information can give the clinician a much
deeper understanding of the unique condition of each patient and their likely response to a
variety of treatment approaches [1].

A particularly significant aspect of personalized treatment in oncology is the role of
integration of genetic and molecular information into treatment decisions. The CDSS
workflows can be customized to facilitate processing and interpretation of the large amounts
of genetic and molecular data, which have increasingly become cornerstones of cancer
biology and have been accepted as predictors of successful response to anticancer treatment
[13]. Therefore, target therapies can be chosen that are designed to work against the specific
molecular alterations that facilitate an individual patient's tumor growth and progression [1].
This type of approach is called precision oncology, and it is supposed to deliver more
effective therapies with fewer side effects than traditional concepts of therapy such as
chemotherapy or radiotherapy.
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By utilizing the detailed analysis of patient-specific information and including
relevant medical knowledge, CDSS workflows can suggest treatment recommendations that
are exquisitely tailored to a patient's individual needs and preferences [1]. This represents a
radical departure from the one-size-fits-all approach that has long characterized cancer
medicine [14]. Considering the unique biological, clinical, and even personal factors of each
patient, CDSS can guide clinicians toward the most appropriate therapeutic strategy,
ensuring maximum chances of success in a high number of cases.

Moreover, CDSS workflows can empower patients towards active involvement in
their care by sharing personalized health information and rendering precise treatment
options to them [7]. This aspect is in accordance with the principles of patient-centered care
that are fundamental to personalized medicine [1]. By facilitating shared decision-making,
CDSS could ensure that treatment plans are both biologically sound and aligned with a
patient's values, preferences, and overall goals for health and well-being.

4.3. The Oncosimulator Paradigm: A Foundation for Personalized
Oncology

The Oncosimulator paradigm represents a sophisticated approach to multiscale
cancer modeling, embodying the core principles of personalized oncology [2]. At its core,
the Oncosimulator is a concept that encompasses multilevel integrative cancer biology, a
complex algorithmic construct, and a powerful software tool [2]. Its primary objective is to
assist the clinician in refining the treatment of cancer for a particular patient by simulating
how that particular patient's tumor will respond to various treatment schemes in vivo [2].
The Oncosimulator acts not only for optimization procedures in treatment but is also a
platform to develop insights into the core biological processes of cancer, support the design
and interpretation of clinical trials, and serve as an educational tool for doctors, researchers,
and even interested patients [2]. Ultimately, the Oncosimulator intends to develop a "digital
twin" of the patient's tumor, an in silico representation for the prediction of treatment
outcomes before the actual therapies are executed [8].

Using a highly sophisticated multiscale modeling technique, the Oncosimulator has
considered biological phenomena across levels of complexity-from the molecular and
cellular to that of tissues, organ, and entire body system [2]. It often utilizes a "top-down"
simulation strategy, which begins with macroscopic imaging data obtained from the patient
and then progressively incorporates details from lower levels of biological organization [2].
This approach is frequently implemented using discrete entity—discrete event cancer
simulation techniques, which model the behavior of individual cells and their interactions
over time [2].

For the Oncosimulator to achieve such objectives requires the integration of various
key features and technologies since it is capable of integrating multiscale data from multiple
sources [2]. Tumor segmentation and characterization are achieved through the use of image
processing techniques that analyze medical imaging data, including MRI and PET scans [2].
To define an anatomical region of interest and its complex biological dynamics, a
mathematical construct known as hypermatrix is often employed [2]. At the cellular level,
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Oncosimulator usually takes a generic cytokinetic model of tumor cells describing basic
processes including cell cycling, entry and exit from dormancy, differentiation into various
cell types, and cell death mechanisms targeted explicitly by the cytotoxic effects of chemo-
and radiotherapy [1]. As these simulations are computationally intensive, the Oncosimulator
can utilize grid computing infrastructures to accelerate their execution in high-performance
manner [2]. Predictions from simulations are visualized by various means, including 2-
dimensional graphs, 3-dimensional rendering showing size and shape of tumor, and even 4-
dimensional visualization illustrating the evolution of the tumor with time [2]. Finally, a
Data Management System (DMS) plays a significant role in the management and storage of
large quantities of patient-specific data necessary for the simulations [2].

4.3.1. Integrating the Oncosimulator with Clinical Decision Support Systems
For the Oncosimulator to be effectively utilized for clinical practice, it must be

integrated within existing clinical workflow systems through Clinical Decision Support
Systems (CDSS) [4]. This should make timely and relevant information derived from the
simulations readily available to clinicians at the point of care to support support their
decision-making. Various modalities of integration may be adopted, including making the
Oncosimulator accessible through a web service that could be accessed by a CDSS, or
embedding the functions of Oncosimulator directly into the architecture of a CDSS
framework [2]. Particularly important in this integration is ensuring robust data exchange
and interoperability between the Oncosimulator and the CDSS, thus making them able to
communicate properly and share sufficient patient information and simulation results [9].

The Oncosimulator functionalities should therefore naturally fit within the workflow
of CDSS for successful integration [12]. This also involves considering how a clinician will
use the integrated system from the very first step of patient data entry to the last step of
receiving and interpreting the simulation results [7]. Challenges during implementation
should also be noted, such as delegating extensive patient data entry into the system to the
clinicians, risk of alert fatigue if the system generates too many notifications, and the need
for comprehensive training to ensure that users can effectively utilize the integrated system.

Seamless data exchange and robust interoperability are crucial for the effective
integration of the Oncosimulator with CDSS [4]. This means carefully considering what
types of data should be shared between both systems, which usually entails patient
demographics, detailed medical history, imaging data in varying formats and treatment
specification parameters [2]. It is through standardized formats for data and well-defined
ontologies that the exchange is enabled, so both systems understand and utilize the
information being shared [9].

4.3.1.1. The breast cancer Oncosimulator

The objective of the breast cancer Oncosimulator is to simulate the response of
clinical breast tumors to specific treatment schemes and/or schedules in the patient
individualized context. To this end, a continuum approach describing vascular tumor growth
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under angiogenic signaling has been developed based on relevant literature [10]. and
bevacizumab pharmacokinetic properties [11]. bj676

All major biological phenomena of cancer cell population dynamics are incorporated
into the model, i.e. cancer cell proliferation, cancer cell apoptosis, post-vascular dormancy
(state where tumor growth ceases due to the balance achieved between proangiogenic and
antiangiogenic factors), endothelial cell death, spontaneous loss of functional vasculature,
excretion of endogenous proangiogenic factors (such as vascular endothelial growth factor,
fibroblast growth factors, platelet-derived growth factor, angiopoietin-1 etc.), excretion of
endogenous anti-angiogenic factors (angiostatin, endostatin, angiopoietin-2 etc.) and
antiangiogenic treatment — induced endothelial cell death as well as the resulting cancer cell
death.

The implicit assumptions on which the basic framework of the model is based are
that the tumor is a three dimensional spheroid, the diffusion process is in a quasi-stationary
state, i.e. the tumor growth rate as well as the rate of change of drug concentration are
relatively small compared to the rate of distribution of angiogenesis stimulators, and the
concentration of the stimulator is a radially symmetric function.

The clinical questions have been chosen to be represented in the CDSS are the
following [4]:

1. Given the treatment scheme to be administered what is the outcome of a user-
specified intermittent bevacizumab monotherapy to a specific breast tumor at
the end of the treatment?

In this scenario the clinician can either select between two suggested modes of

administration (dosage and frequency of infusions in accordance with European

Medicines Agency) or experiment with all drug administration details in order to

select the optimal treatment scheme for a specific patient from a set of candidate

ones. Optionally, one can also request a desired percentage of tumor reduction. In
this case, the system gives an extra response as to whether the clinical target is
accomplished at the end of the treatment or not.

2. How is the treatment outcome affected by applying fractionated versions of an

original treatment scheme?
In this scenario the clinician can either select between two suggested modes of
administration (dosage and frequency of infusions in accordance with European
Medicines Agency). Alternatively, the clinician can experiment with the frequency
of infusions or with the administered dosage in order to create a fractionated (spread
out over time) scheme. In the latter case, the dosage or the frequency of infusions,
respectively, are adjusted in an automated way. Hence, the clinician may select
among a continuous administration of a given amount of drug spread during the
whole therapeutic cycle or a typical optimal biological dose scheme where the dose
is given as a few concentrated administrations or any intermediate version of the
original treatment scheme.

74-



4.3.1.2. The Wilms tumor Oncosimulator

The Wilms tumor (Nephroblastoma) Oncosimulator is an integrated software system
simulating the growth of nephroblastoma tumors and their in vivo response to
chemotherapeutic modalities within the clinical trials environment aiming to support clinical
decision making in individual patients. The Nephroblastoma Oncosimulator has been
developed by the In Silico Oncology and In Silico Medicine Group of the Institute of
Communication and Computer Systems, National Technical University of Athens within the
framework of P-Medicine project and a European clinical trial SIOP (International Society
of Paediatric Oncology). The scenario which will demonstrate the use of Wilms
Oncosimulator by the Clinical Decision Support System simulates a protocol of
preoperative chemotherapy with a combination of actinomycin-D and vincristine for
unilateral stage I-III nephroblastoma tumors. The clinical question to be addressed is the
preferable chemotherapeutic scheme in terms of the administration points of the
chemotherapeutic drugs. The goal is to detect the optimal combination of day points in
which the 4 vincristine and 2 actinomycin-D dosages should be administered. In this
context, the provision of a clinical decision support tool might prove of particular
importance

4.3.2. Integration workflow and results
The integration of the Oncosimulator models is based on publishing models as

dedicated engines, via a client application, written in Java and designed to connect to the
server application comprising the core of the CDS. As the two models were implemented in
different programming languages, the models were incorporated in a wrapper to achieve the
required integration and build the services; for each Oncosimulator model a different
procedure of transformation and integration was followed (Fig. 4-1); the breast cancer
Oncosimulator is developed in MATLAB, as a master script, calling a number of functions;
therefore, by utilizing the MATLAB Compiler, the model was recompiled into an
executable java jar, with its main runner class being mapped to the master script; the jar was
finally included in the wrapper’s Maven repository; the nephroblastoma branch, written in
C++, was recompiled in a form of shared library using the Java Native Interface [5], by
changing its main function into a function which communicates with the wrapper code
through a header file; both procedures produce corresponding wsdl files, which describe the
web services [4].

To demonstrate the integration of the Oncosimulator into the CDS system, the
scenarios based on the clinical questions stated in the previous sections were considered.
Under the standard CDSS workflow, the clinician selects the corresponding model and sets
values to user generated input parameters (treatment schema). By pressing “run”, a request
is sent to the client service using the URL of the remote machine where the model was
published, together with the necessary input data. These data are consolidated into a file
(csv for breast cancer, xml for nephroblastoma), which serves as input to the model. After
the execution is completed, the output files are saved into the remote machine and a
predefined set of results depicting clinically important information (the required set of
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biological values, along with a graph depicting the tumor evolution over time), are sent as
response and shown in the CDSS GUI (Fig. 4-3) [4].

The scenario is presented via an exemplar case study based on a model instance
already developed using time-course data derived in the context of in vivo experiments
studying the anti-tumor efficacy of bevacizumab in higher mammalian species (Mus
musculus); the way that the clinician interacts with the system is sufficiently generic and as
such will not be affected by the substitution of this model instance with another referring to
human patient cases and which is currently under refinement; the details of both the original
and the fractionated version of the scheme appear in Fig. 4-2 [4].

Even though the treatment schemes did not induce tumor regression for the specific
tumor, tumor growth inhibition (i.e. comparing to the tumor evolution in the case of
untreated growth) has been achieved for both cases; in particular, as it is shown in Fig. 4-3,

Integration Procedure: Integration Procedure:
Breast Cancer Branch Nephroblastoma Branch
g++ compiler
Oncosimulator MATLAB Compiler Oncosimulator Oncosimulator Oncosimulator
INI 7 .
MATLAB scripts Jar File _‘ C++ code cinné:z .so File
l or file
Maven Pom.xml P:ZY:ct W::o::\i* JBoss De:lnc;ym v
Bepostion : _— Designated Call JaYa m:;?:'M JBoss Deplova
.war File folder in VM olect — —

.war File
SERVICE UR Copy or Download WSDL file cos Copy or Download WSDL file
i_"' EhE SERVICE URL cos

Call Call

Figure 4-1: Integration procedure of breast cancer and nephroblastoma Oncosimulators

the original treatment scheme (blue line) has induced a tumor growth inhibition percentage
equal to 73.6 % while the fractionated one (green line) has prompted a tumor growth
inhibition percentage equal to 79.5 % (calculated as the percentage of change in tumor
volume in the treatment module simulation with respect to the free growth module
simulation, at the end of the treatment cycle); hence, the superiority of the fractionated
scheme comparing to the original scheme would be revealed to the user along with the
implied statement that none of the applied modes of administration would induce tumor
regression [4].

For the Wilms Tumor Oncosimulator the impact which would have a delay of one
dose of the preoperative scheme defined by the SIOP 2001/GPOH clinical trial protocol for
unilateral stage I-III nephroblastoma tumors is studied. The study of the effect of two days
delay (e.g. due to weekend) in the second administration of vincristine and shifting or not of
the rest of the treatment scheme is presented. A real patient case from SIOP 2001/GPOH
clinical trial is used. It was assumed that the chemotherapy starts one day after diagnosis
and that surgical removal of the tumor is made 25 days after diagnosis. The two treatment
schemes simulated are presented in table 4-1. The results are presented in table 4-2 and
figure 4-4 [4].
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Figure 4-2: Breast cancer Oncosimulator: details of the two simulated bevacizumab
monotherapy schemes (dosage, frequency of administration and time points of
administration).
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Figure 4-3: Breast cancer Oncosimulator: tumor volume time evolution for the two
simulated bevacizumab schemes.

Input parameter Sim1 |Sim2 | Sim3
Actinomycine administration time point 1 (days) 1 1 1
Actinomycine administration time point 2 (days) 15 15 17
Vincristine administration time point 1 (days) 1 1 1
Vincristine administration time point 2 (days) 8 10 10
Vincristine administration time point 3 (days) 15 15 17
Vincristine administration time point 4 (days) 22 22 24

Table 4-1: Wilms tumor Oncosimulator: input data for the different delay cases.
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Result Siml |Sim2 |Sim3
Percentage of tumor volume change 16.73 | 14.66 | 2.3
Percentage of proliferating cells out of the total tumor cells in the 15.8
initial tumor
Percentage of dormant cells out of the total tumor cells in the 19.49
initial tumor
Percentage of differentiated cells out of the total tumor cells in 59.02
the initial tumor
Percentage of dead cells out of the total tumor cells in the initial 5.69
tumor
Growth fraction of the initial tumor 16.75
Percentage of proliferating cells out of the total tumor cells in the| 9.63 | 9.41 | 7.94
final tumor
Percentage of dormant cells out of the total tumor cells in the| 14.54 | 14.42 | 18.11
final tumor
Percentage of differentiated cells out of the total tumor cells in| 69.12 | 69.46 | 66.85
the final tumor
Percentage of dead cells out of the total tumor cells in the final| 6.71 | 6.71 7.1
tumor
Growth fraction of the final tumor 10.33 | 10.09 | 8.55
Table 4-2: Wilms tumor Oncosimulator: result data for the different delay cases.
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Figure 4-4: Wilms tumor Oncosimulator: tumor evolution graph over time for all three

simulated delay cases.
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5. Standardization of Clinical Questions

A clinical question can be defined as a structured inquiry designed to guide medical
practice and research, often focusing on a patient's condition, intervention, comparison, and
outcomes. Clinical questions' involvement in personalized medicine are crucial because they
allow health professionals to take into account an individual's biological and lifestyle factors
that would be the basis for a unique diagnosis, intervention, or preventive measure
suggestion. The complexity and specificity required in personalized medicine, leading to
incorporate individual genetic make-up, lifestyle, and environmental exposures to result in
targeted interventions, clearly indicate the critical importance of standardizing said clinical
questions [1]. Standardization would ensure consistency of data collection, improve data
interoperability across systems, enhance the accuracy of clinical decision support, and
ultimately accelerate robust research, allowing for the reliable comparison and synthesis of
evidence to advance individualized care [2].

In this chapter the different aspects of clinical question standardization are briefly
explained and a proposed infrastructure is described, which can operate within the confines
of a generic web application hosting and handling simulation models and their pertinent
data, thereby acting as an extension of the basic infrastructure as described in chapter 2.

5.1. The overall need for standardization

Data standardization significantly enhances the functionalities of biomedical
information systems, especially CDSS, which, utilizing standardized data input, can more
efficiently and accurately process and analyze patient information. The provided
consistency facilitates the creation of robust evidence-based rules and algorithms which in
turn results to more effective interpretation of individual patient data. Therefore a CDSS can
provide features at the point of care such as more timely and pertinent alerts regarding
potential drug interactions or allergies, more accurate diagnostic suggestions, and
recommend treatment options that are specifically tailored to individual needs [2].

Beyond CDSS, other types of biomedical information systems can benefit from data
standardization. A prime example is electronic health records (EHRs); data standardization
allows them to become more efficient in data retrieval, information exchange between
different healthcare providers and analysis of medical findings (tests, model simulations,
etc.) for research purposes [3]. Data standardization plays a crucial role for the integration
between diverse biomedical databases and knowledge resources, overcoming differences in
schema, development stack, or general representation. This enhances personalized
healthcare by offering the stakeholders an environment where infrastructure and information
are more interconnected, and thus more available and comprehensive. To this end, the use of
standardized questions can improve the performance of biomedical question answer systems
or modules, since they can allow them to query for and retrieve more pinpointed, well
structured and properly bundled data that can allow for faster and more personalized
medical decisions. The “common language” notion imported by standardization, can also
help for a more holistic understanding of the differently structured patient profiles, and the
high level inherent information that can be extracted by their study (behavioral, social, etc.)
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With respect to clinical research and knowledge discovery, clinical question
standardization enables researchers to conduct more robust meta-analyses, acting as a
conceptual integration layer (either adding to an existing integration in data layer, or
replacing it where necessary) for data inquiry and collection [4]. Standardization also
supports the development and utilization of common data models (CDMs), which provide a
unified structure for representing patient data across multiple institutions and research
networks, fostering collaborative research efforts [5]. This uniformity in data collection and
representation ultimately improves the efficiency and reliability of clinical trials designed to
evaluate the effectiveness of personalized therapies [6]. The overall result is the acceleration
of research pace in personalized medicine, thereby enabling the identification of novel
biomarkers, the discovery of new therapeutic targets, and the development of more effective
and tailored treatment strategies for individual patients [4].

A lack of proper standardization can make it challenging for a CDSS to accurately
interpret patient information and provide reliable advice due to inconsistent data. This can
lead to "alert fatigue" and potentially inaccurate or less effective clinical recommendations.
[7]. Research based on non-standardized questions can be prone to limitations in
generalizability and reproducibility, due to the overhead added to properly translate data
between their source-related representations. This hinders the validation procedure of
research findings through replication and consequently the translation of those findings into
widespread clinical practice [8]. This furthermore impacts personalized medicine, since the
essential large data-sets required to train and validate sophisticated artificial intelligence and
machine learning models cannot be easily created [9]. In addition, the creation of data silos
will isolate valuable patient information and prevent the identification of crucial patterns.

5.2. Existing tools and technologies for proper standardization

On a conceptual level clinical question and answer standardization can be achieved
in four different levels, using specialized tools for each level. For clinical terms themselves,
structured vocabularies such as SNOMED CT (Systematized Nomenclature of Medicine —
Clinical Terms) [10], LOINC (Logical Observation Identifiers Names and Codes) [11], and
RxNorm [12] can provide consistent and unambiguous representations. This leads to
questions having their terms mapped in a uniform manner which ensures that the meaning
of clinical concepts is consistent across different systems and among various users. For the
relationship and hierarchies between different clinical terms, biomedical ontologies can be
used. This can group questions based on the levels of abstraction assigned to their medical
terms. Therefore relationships between questions can be formulated, the answers of which
can be valuable in multiple cases (e.g. comorbidity or drug interaction questions.

To further place clinical questions into relevant workflows for clinical practice,
frameworks such as PICO (Patient, Intervention, Comparison, Outcome) [13] and PICOT
(Patient, Intervention, Comparison, Outcome, Timeframe) [14] can be used. By consistently
applying these frameworks, key elements of a personalized clinical scenario are captured in
a structured manner, including a clear definition of the patient or problem, the intervention
being considered, the comparison intervention (if any), the desired outcome, and the
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relevant timeframe and setting. This can add another abstraction layer that can allow the
handling of a clinical case and/or make it research relevant in cross-platform environments.
Finally, since proper presentation to the clinician is of paramount importance, Common
Data Models (CDMs), such as the Observational Medical Outcomes Partnership (OMOP)
[15] and the Clinical Data Interchange Standards Consortium (CDISC) [16] standards can
be used. These data models provide a consistent structure for capturing the complex
information associated with clinical questions and their answers in personalized medicine,
including relevant patient characteristics (such as genetic information), specific treatment
details, and the observed outcomes. [5].

Also crucial for day-to-day operations is the proper and efficient storage of this
information from questions to workflows and presentation data structures to reduce access
time, computational resources and enhance reusability, which can benefit more general
systems such as CDSS, which rely on these entities. Designing relational databases that are
specifically tailored to accommodate structured clinical questions and answers is a crucial
first step [17]. This involves defining clear entities (such as patients, questions,
interventions, outcomes, etc.), specifying their relevant attributes, and establishing the
relationships between them [18]. Additional mechanisms for indexing and cataloging these
resources in a way that allows for easy search and retrieval based on various criteria, such as
the PICO components or relevant keywords can also be defined using known tools such
Elasticsearch [19] or Apache Solr [20]. Finally, auditing tools applicable to the persistence
layer can provide a version control of the stored data, to ensure their integrity and
readability.

So far, numerous organizations and initiatives are actively engaged in the
development and promotion of healthcare data standards, which indirectly contribute to the
standardization of clinical questions and answers in personalized medicine. Key
organizations such as HL7 International, and the aforementioned CDISC, LOINC, and
SNOMED are at the forefront of developing standards for data exchange, clinical trial data,
laboratory observations, and clinical terminology, respectively [21]. Initiatives like the NIH
Common Fund Data Ecosystem (CFDE) aim to modernize data sharing, integration, and
standardization across the biomedical research community [22]. The Health Data
Standardization Taskforce has been established to specifically address interoperability
through standardization in various healthcare settings [23]. While these efforts may not be
exclusively focused on standardizing clinical questions, the development of standardized
terminologies, data models, and exchange formats provides the essential building blocks for
achieving standardization in clinical inquiry and response within personalized medicine.

5.3. Implementation Challenges

Implementing or updating a medical system based on clinical question and answers
can present a set of challenges either from a technical perspective or by its potential effect
of the day-to-day operations of the institution that will utilize such a system. A lack of
proper documentation and training material can lead to resistance, which is part of the
natural course for health professionals whenever standardized processes and technologies
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are introduced in an institution [24]. Factors such as heavy workloads make perceived time
scarce, inadequate training on the new developments, irrelevance to the day-to-day exercise,
and possible disruption of the established clinical workflows maybe causes of this resistance
[25]. Proper update of all involved personnel on the new features and results of a
standardization procedure which will include a clear demonstration of the tangible benefits
that are brought for both healthcare professionals and their patients is required to change
this.

Data entry can also present problems, not only in the case of inadequate training
which can lead to human errors but also if there is some missing initial input for some
clinical cases, of the gathered information is incompatible due to the heterogeneity between
different healthcare providers and institutions, for example in cases of patients that for some
reason have chosen to see different doctors from case to case. Extensive data validation and
sanitization is required to not only keep the stored information relevant between its own
entities, but to avoid cases of “dirty”” (incomplete or otherwise corrupted) data, as well as for
security concerns. Legislation can also help by determining the forms and structures of the
exchanged data and implementing comprehensive ongoing quality assurance processes [7].

Moreover, the usage of more sophisticated simulation models, clinical processes and
detailed medical data, ranging from molecular to organ and system biocomplexity levels,
unavoidable leads to the ever-increasing amount of sensitive personal data, such as genetic
information. This requires not only legislative support to ensure that the patient is properly
informed and has duly consented to the utilization of their own data, but powerful
infrastructures to secure such systems from data leakage, thereby ensuring the necessary
privacy. VPNs, cloud infrastructures and carefully developed applications with as less
software vulnerabilities as possible is of crucial importance to the point of requiring
specialized trained professionals outside the fields of clinical researchers or software
developers. Included in the security requirements are of course the proper data
anonymization and encryption within the persistence layer, usually in compliance with legal
frameworks such as GDPR [26].

5.4. Conceptual system overview

The proposed module for handling clinical questions and their answers is to
currently serve as an extension to the infrastructure presented in chapter 2. It is a part of the
data repository which resides in the persistent layer, as depicted in figure 2-2. It is coupled
to the basic model entities and its aim is to classify execution results and translate them into
valuable clinical insight, on which personalized medical decisions can be made. Its main
data input are model output parameter values, and although the overall design allows it to
accept any type of numerical input and map it to a set of predetermined string values based
on value ranges, the additional context its current version requires, elevates its role to more
than a simple numerical value “translator”. The overall goal is to define sets of clinical
questions and lists of corresponding answers, usable by the model execution engine so that
additional information and value to model execution result reports can be added.
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Figure 5-1 presents the functionality of the module with respect to the other parts of
the infrastructure. It operates in close collaboration with the model repository to map
clinical answers to certain model output variables, and it uses these mappings to store not
only the clinical answers, but to properly formulate the model execution data with the
related clinical questions and their corresponding answers and present them when required.
The system operates under a specific set of assumptions about the definition and usage of
the stored clinical questions:

e A clinical question has multiple clinical answers. Each answer is defined separately.
Answers have their own table with an n-to-1 relationship with respect to the question
table.

e A clinical answer is connected to a model via only one of its output parameters. It is
mapped to either a single parameter value, or a certain range of values. This creates
two distinct n-2-n relationships, since the clinical answer table acts as a connection
table between the clinical questions and the models, and also the clinical questions
and the parameters.

e Model executions include information about input and output parameters. For each
output parameter the value, the related clinical questions and the proper answers
based on the value are also stored. Each combination of parameter-question-answer
is stored in a separate row.

MODEL
CRUD FORMS EXECUTION (WIZARD)
CLINICAL
QUESTIONS MODEL EXECUTION
EXECUTION
AND e UEsTe REPORTS
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! ! BACKEND | !
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Figure 5-1: Functionality diagram of the proposed clinical question module.
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5.5 User workflow

The user workflow is shown in Figure 5-2. It is applicable to all users (modelers and
clinicians) and it refers to two specific functionalities, the CRUD handling of clinical
questions and answers, plus the utilization of the stored entities by the system when a model
execution report is requested.

After logging to the system, the user should reach the proper CRUD forms. To
upload a clinical question and its answers for storage, data must be entered in at two tables.
First the clinical question table, where the actual question and a secondary description (if
necessary) can be given, followed by the uploading of all possible answers to that question.

To properly upload an answer, the user must choose a model to for which the
clinical question will apply to. Then, they must define an output parameter of the chosen
model and set a fixed value or a value range. After that, they must provide a text
representation of the clinical answer. In the same way more than one answers can be defined
for the same question based on the different parameter values. The goal is that, for an
execution of a chosen model, any stored clinical questions will be answered accordingly
based on the output value of the corresponding parameters. The results will be stored in the
database and retrieved accordingly.

Cinical Decision Model Execution .
Authisecurity Support Repository Reporting Tool Engine Oncosimulator

Login

Successful Login

Insert/date/Delete Clinical Question

Data Edited ||

Insert/date/Delete Clinical Question

Answer
Dala Edited

Request model execution

Execute Model

Return Results ||

Store Results

View Executions/Request Execution Results

Present Data

Request analysis

Request execution data for analysis

Return execution data

Present Analysis

Figure 5-2: User workflow
Based on the aforementioned functionality, when a model execution is requested,

then the system calls to the OS to execute the model. After a successful execution there are
several output parameter values to be stored in the database. At that point in time, the back
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end is responsible for retrieving any clinical questions and answers related to the model.
After checking the output values and determining the proper answers to be used, it stores in
the model execution repository the combined information about the model, its execution, the
outputs, the clinical question ids and the clinical answer ids. When a user requests the report
of a model execution, the back end retrieves the stored data, and with them, the textual
information of all the clinical questions and answers. A proper report is created and
presented in the GUI, with the option to be downloaded.
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6. The Hyperion Application

Towards implementing the fundamental principles for developing a computational
infrastructure to host simulation models and their associated data, as explained in Chapters 2
and 5, and in accordance with the objectives of this work, the Hyperion application has been
developed. It's a web application primarily designed to enable stakeholders to store
simulation models by way of uploading their specific characteristics. It also empowers both
modelers and clinicians to execute these models and to view and manage the results of these
executions through the application's various modules.

This endeavour aims to consolidate core research material and manage the
knowledge generated from its utilization. The goal is to benefit both modelers by
streamlining their day-to-day processes for the adaptation and validation of their simulation
models, and clinical physicians by reducing response times for their patients.
Simultaneously, it allows for the provision of case-specific medical advice, thereby
contributing to the faster and more successful implementation of the concept of personalized
medicine. Patients, as the ultimate recipients of medical services, will see an improved
quality of life. This improvement stems from a reduction in the time and effort required to
establish and implement the appropriate medical procedure for their case, and from the
effort's contribution to minimizing the side effects of their personalized treatment by
predicting and evaluating various potential outcomes from a range of therapeutic regimens.

The following subsections provide a general overview of the application and the
requirements needed for its development. They will also successively present the main sub-
units, along with their significance and contribution to the overall system.

6.1. Overview

Hyperion is designed with a modular approach. Each part of a simulation model’s
life cycle from creation to clinical practice is handled in a certain application module.
Although the modules are not required to be strongly coupled, they do share a connection
with the main module, which is the model repository. This module holds the main model
data, upon which the other modules can operate. These data are also the starting point for
any perceived expansions, such as the examples of chapters 3 and 4. The main conceptual
goal of the application is to give a clear and concise, albeit scalable and extendable answer
to what is perceived by this work as the main go-to query:

“If we were to view simulation models solely as black boxes that simply accept and return
data, then what is the maximum that we can do with them?”’

Figure 6.1 gives the architectural diagram of Hyperion. Each module can be
perceived to be its own full stack entity, although the implementation details can differ,
while the user experience through proper front-end programming can remain unified and
implementation agnostic.
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Figure 6-1: Hyperion layered architectural diagram
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6.1.1. Implementation Details
The implementation stack of Hyperion is comprised of MySQL, MyBatis, Flyway,

Spring Boot, Java, and React. For the separation and management of the code for the
different entities, a Domain-Driven Design (DDD) [1] approach was chosen to allow
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flexibility and scalability as new modules can enter the system. The choice of the design
was made keeping in mind not only the current monolithic implementation but also aiming
to be suitable for migration to a microservice architecture.

For the persistence layer, the free and open-source version of MySQL [2] is chosen.
It is a popular reliable relational database management system (RDBMS) offering ACID-
compliant transactions, strong data consistency, and high performance for relational data
workloads. For object-relational mapping, the system utilizes MyBatis [3]. Unlike more
automated ORM tools such as Hibernate [4], MyBatis allows for greater control of the
utilized SQL queries by allowing to write their full implementation. The use of dedicated
XML mappers per entity repository further complies with Domain-Driven design principles.
In order to keep track of database updates and migrations, Flyway [5] is used. With a system
based on sequentially versioned SQL scripts it provides a reliable system history and overall
schema consistency.

The back end application layer is built using Spring Boot [6] and Java [7]. Spring
Boot accelerates development by simplifying project configuration and bean control,
shifting away from the traditional use of XML files used by Spring. It still supports features
such as dependency injection, transaction management, and RESTful API development.
Java, is a well known, all-purpose, programming language that offers reliability, scalability,
and cross-platform portability.

The presentation layer uses React [8], a widely used JavaScript library for building
user interfaces. React's component-based architecture promotes reusability, modularity, and
ease of maintenance. Its unidirectional data flow and virtual DOM implementation enable
efficient rendering and responsiveness for rich client-side experiences.

The code structure that handles any entity within a repository is based on the
diagram of figure 6-1. A set of pages/screens in the user interface will call a set of APIs
which reside in the back end controllers. The controllers will relay the data to the services,
which in turn contain all the logic that is needed to use the sent data and return the requested
results, such as data transformation functions and/or communication with other services to
exchange data. This is necessary, as each service (ideally) calls only its own corresponding
repository interface which in turn is responsible for querying the underlying database.

6.2. Model Repository
The model repository is Hyperion’s backbone. It is the module that handles the basic
entity around which the entire system is build, which is the simulation model. As shown in
figure 6-2, the repository is comprised of the following tables
e Model: This table stores the basic descriptive information about the model, and is
the point of reference for the entire application, since it is the table with the most
foreign key references throughout Hyperion. Both clinical study and clinical
decision support repository are based on the model id to organize their data.
e Parameter: The repository’s second most important table, it holds the full
descriptive and functional information about a model’s parameters. It is used from
all the other modules, as it is the basis not only for formulating proper execution
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commands of a model, but also acts as a blueprint for defining clinical questions,
clinical study subjects and formulating execution reports. This table also holds a
reference to itself; in several cases a simulation model either receives or produces its
values regarding one or more of its parameters in files. Therefore, a file type
parameter can be defined, and through the table’s foreign key to itself the rest of the
contained parameters can refer to the file as its “container” parameter. This further
facilitates report formulation, since the back end, being aware of the inter-parameter
relationships, and assuming the existence of some well-defined conventions about
the file structure, can automatically “unpack™ the required values from their
“containers” and store them into the proper tables of the clinical decision support
repository.

description VARCHAR{1000})

H
semantic_url VARCHAR{1000)

comm ent VARCHAR(1000)
> log_date TIMESTAMP
* |zst_edited TIMESTAMP

& property_id INT
value VARCHAR(1000)
>ag_date TIMESTAMP

*|ast_edited TIMESTAMP
>

Figure 6-2: Model repository ER diagram
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File: This table holds the information about a model’s files. Files of various types
(executable, text, image, supplementary scripts, etc.) can be uploaded via the user
interface. The files stored in the application’s internal file storage system under the
path {rootFolderPath}/models/{modelUuid}

Property: Simulation models can be classified depending on their computational
methods, biocomplexity level and a number of other perspectives [9]. This table
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holds the classification descriptive information, while the model-property table holds
the information regarding the many-to-many connection with the model table.

6.3. Clinical Study Repository

Although the Model Execution Wizard provides the capability for individual model
executions in order to assess single patient cases, there is also a need to record and
collectively evaluate multiple executions of a model. This requires grouping and managing
results for further clinical and statistical processing. For this purpose, the Clinical Study
Repository has been created, the ER diagram of which is shown in Figure 6-3. The main
principles governing this schema are as follows:

e Each clinical study can involve one and only one simulation model.

e A clinical study consists of a set of anonymized patients.

e A stratification is defined based on a model and one of its parameters. Since the
definition uses a specific value or a range of values for the parameter, it is possible
for a parameter to participate in multiple stratifications, something that is expected in
the context of a clinical study.

e An anonymized patient may belong to one or more stratifications.

e An anonymized patient has at least one and maybe more instances. Each instance
has its own set of input and output parameters. This instance is called a subject.

e Each model execution involves up to one specific subject.

e [f a model execution does involve an anonymized patient but no specific subject, a
blank subject is automatically created.

Given the above principles, the workflow for recording a clinical study can also be
deducted. The user can select the model, define the desired stratifications based on the
parameters they want, and then enter into the system a set of anonymized patients. They can
then specify the stratifications each patient will belong to and the different instances
(subjects) for each patient. After executing the model (since executions are recorded along
with the subject they concern), it is possible to retrieve the relevant data to proceed with any
analysis. A detailed example will be provided in the next chapter.

The tables of the Clinical Study Repository are as follows:

e Clinical Study: This is the main table of the repository, containing the descriptive
information for each clinical study.

e Anonymized Patient: This table includes a one-to-one correspondence with all real
patients in a clinical study, storing information that does not conflict with personal
data protection regulations. Specifically, it includes only a Patient ID field, which
according to the predetermined rules of each clinical study may be either
anonymized or pseudonymized. Additionally, it records data such as gender, height,
weight, and initial tumor stage, which are necessary for evaluating the patient's
condition before performing any model executions.

e Stratification: This table records all possible patient stratifications. It includes the
descriptive information, the related model and parameter IDs, and the parameter
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value definitions (either as a default value or a value range). Since each patient can
belong to more than one category, a many-to-many relationship is created between
the Stratification and Anonymized Patient tables. For this reason, there is an
intermediate table called Anonymized Patient Stratification.

e Subject: This table holds all information about a patient instance, including the
related stratification and model IDs. Due to the entity’s fundamental definition, a
double many-to-many relationship is also established with the Model Repository’s
Parameter table, using the next two tables.

e Subject Parameter: Since each parameter can be involved in different subjects, and
each subject is related to many parameters, this table also includes an additional
value field, which enables the reconstruction of a subject after model execution by
retrieving the values of the input and output parameters. This facilitates the
formation of the report of a specific execution, also addressing any clinical questions
related to the model, and can be used for further statistical analysis, as will be
discussed in a later subsection.
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Figure 6-3: Clinical study repository ER diagram
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e Subject File: Apart from traditional input/output parameters, each model may —
during its execution — use parameters in the form of files. The files themselves are
internal file storage system under the folder

stored in the application’s

{rootFolderPath}/anonymizedPatients/{anonymizedPatientUuid}/{subjectUuid}.
The pertinent information is stored in an intermediate linking table between Subject

and Parameter, since a file is considered a special type of parameter, as described in
the Model Repository. Although there is no direct file-upload mechanism associated
with a specific subject, this data is stored in this table due to special care being taken
to ensure the possibility of future downloading these files if it is ever required for
further evaluation of a specific execution.
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Figure 6-4: Clinical study — model repository coupling ER diagram

6.4. Clinical Decision Support Repository
The Clinical Decision Support Repository is based on the use of tables structured
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around the concept of a clinical question. Its purpose, according to the theoretical analysis in
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Chapter 5, is to facilitate the easy and direct entry and management of clinical questions
within the system, as well as their connections with simulation models and, by extension,
their executions. This enables the clinician to make faster, more focused, and effective
clinical decisions which will be tailored to the patient's initial condition and personalized
according to their specific characteristics. The basic entity around which the repository is
structured, as also depicted in the ER diagram of Figure 6-5, is the clinical question. The
main principles governing this schema are as follows:
e Each clinical question has one or more clinical answers.
e Each clinical question can be related to one or more models.
e Each clinical question can be associated with a model through only one specific
parameter of that model.
e An answer to a clinical question is associated with a specific value or a range of
values that the question’s related parameter can take.
e During the execution of a model, via the answer — parameter value association, the
output parameters can be mapped to the appropriate answers. These answers are
stored withing the model execution data and are used for the corresponding report.
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> I semantic_url ¥ ARCHAR{1000) I I
v I comm ent VARCHAR(1000) | I
I | log_date TIMESTAMP I |
| | I »|ast_edited TIMESTAMP | I
! ! . ;4
1 I T T ] model v
| model_execution ¥ I | | o T
id INT | » uuid ¥ ARCHAR(36)
‘undveRCHARGS) | TTTTTT T T TTT OO #1 & name VARCHAR(1000)
@ model_id INT description VARCHAR(1000)
“subject_diNr 0 BH——————— - -  ——— — — — — — 5 comm ent VARCHAR{1000)
» status INT - 1 % log_date TIMESTAMP
*log _date TIMESTAMP » last_edited TIMESTAMP
» |ast_edited TIMESTAMP >

>

Figure 6-5: Clinical decision support repository ER diagram
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The tables of the Clinical Decision Support Repository are as follows:

Clinical Question: This is the basic entity of this repository, which forms the core
of a Clinical Decision Support System (CDSS) operation. It contains the textual data
of the question, such as the actual text and/or any additional description/comments.
Clinical Question Answer: For each clinical question, there are corresponding
answers related to both the model and parameter table of the Model Repository. This
table contains the textual representation of the answer and the parameter values for
which it is relevant.

Model Execution: This is the second most important entity of the Clinical Decision
Support Repository. It records model executions and links them to clinical questions
thus allowing for the evaluation of individual cases, as well as the collection of data
for analyses and reaching meaningful conclusions within the context of a Clinical
Study. It should be noted here that the Model Execution table connects the Clinical
Support Repository with the Clinical Study Repository through the Subject ID field,
which refers to the Subject table, a necessary feature of a clinical study.

Model Execution Result: This table connects the Model Execution and Clinical
Question tables, functioning as a many-to-many relationship. The table is crucial
because for each model execution it records the values of both the input and output
parameters, along with the related clinical questions and their answers based on the
aforementioned values. In this way, the data from each model execution are fully
recorded, whether they originate from a specific Subject or from direct data entry via
the user interface (cases of individual executions).
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7. Results

In this chapter the individual functionalities of Hyperion will be presented. This
presentation will be comprised of two parts. First, the crud functionality for each repository
entity will be explained step by step. In the second part, specialized workflows regarding the
execution of a model, the handling of the execution results and the set-up and management
of a clinical study will be demonstrated.

7.1. Basic CRUD workflows
7.1.1 Model Repository
7.1.1.1 Model

To manage the stored models a user must click on the "Models" option from the
sidebar. This will take them to the list of model descriptions. By clicking the "Add Model"
button on the top left side of the screen, they will be navigated to the model creation screen.
In the presented form, they can enter the descriptive information for the new model. After
clicking the "Submit" button, the data will be stored in the database, and the user will be
redirected back to the model list screen, where they can view their new entry.

Editing a model is possible from the list screen, by clicking the “Edit” button on the
right side of its row. This leads to the edit screen, where the user can change the model
values and then save the changes to the repository by clicking the “Submit” button.

Deleting a model is possible from the list screen, by clicking the “Delete” on the
right side of the row, which will result in a confirmation pop-up. Once the user clicks “Ok”
the model is deleted from the database and the list screen is reloaded.

. List Models
Hyperion
Add Model
Name Description Comment
Simple Adder Test executable which adds two numbers Edit
Wilms Tumor Amodel that simulates tumor response to preoperative Edit
Oncosimulator chemotherapy treatment with actinomycin and vincristine. =
Breast Cancer A model which simulates the vascular tumor growth and ~ Bevacizumab is a monoclonic antibody that prevents the connection Edit
Oncosimulator  the response to antiangiogenic treatment of breast cancer, - of the vascular endothelial growth factor (VEGF) with the
through the administration of bevacizumab corresponding receptors on the endothelial cells surrounding the
tumor
. .
o
Figure 7-1: Model list screen
Add Model

Hyperion

Name:

Breast Cancer Oncosimulator

Home

Description:

Dashboard %
A model which kimulates the vascular tumor growth and the response to antiangiogenic treatment of breast cancer,

Models Comment:

Bevacizumab is a monoclonic antibody that prevents the connection of the vascular endothelial growth factor (VEGF

i Parameters

enen
Files

Figure 7-2: Add/Edit model screen. For editing, an extra non-editable field is provided
showing the UUID of the model which is automatically assigned at the time of input.
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% React App x  +

< C @ M @ hitp://localhost3000/listModels

localhost:3000 says

Are yo jant to delete this model?
Add Model re yo ant to delete this model

@ Home Name Description

Hyperion

Simple Adder Test executable which adds two numbers

v Dashboard 2.1l Delete

Figure 7-3: Model deletion confirmation pop-up. Similar popups are being produced for all
listed entities across Hyperion.

7.1.1.2 Parameter

To manage the stored parameters a user must click on the "Parameters" option from
the sidebar. This will take them to the list of parameters. In that screen, the user can see in a
paginated table all the stored parameters. They can also use the drop-down at the top and
choose a model to filter the page content and view the parameters of the chosen model.

By clicking the "Add Parameter" button on the top left side of the screen, they will
be navigated to the parameter creation screen. In the presented form, they can enter the
information for the new parameter. Among the input fields, there is a drop-down field
containing a list of all stored models, which is requested upon loading the screen. It is
mandatory for the user to choose a model, since parameters are an integral part of a model,
as shown in the ER diagram in chapter 6.2. After clicking the "Submit" button, the data will
be stored in the database, and the user will be redirected back to the parameter list screen,
where they can view their new entry.

Editing a parameter is possible from the list screen, by clicking the “Edit” button on
the right side of its row. This leads to the edit screen, where the user can change the
parameter values and then save the changes to the repository by clicking the “Submit”
button.

Deleting a parameter is possible from the list screen, by clicking the “Delete” on the
right side of the row, which will result in a confirmation pop-up. Once the user clicks “Ok”
the parameter is deleted from the database and the list screen is reloaded.

List Parameters

Hyperion

Model name: [ Al < l

@ Home

Dashboard
Breast Cancer Oncosimulator

Vet Data Output
oces Name 1 Simple Adder type | parameter
D BrermEs Actinomycin_cell killratio \ Wilms Tumor Oncosimulator Double @ ' Edit
Oncosimulator dose
Files
Vincristine_cell_kill_ratio  Wilms Tumor Fraction of tumor cells hit by administered Vincristine drug Double @ Edit
e Ty Oncosimulator dose
Sleep_percentage Wilms Tumor Percentage of cells entering the resting GO phase after mitosis ~ Double @ Edit
References Oncosimulator (STEM and LIMP Cells)
e ey STEM_Percentage Wilms Tumor Percentage of STEM cells divided symmetrically Double @ Edit
Oncosimulator - g
Model Executions Limp_mitoses_number  Wilms Tumor Maximum number of mitoses which a LIMP cell can perform Integer @ Edit
Oncosimulator before its terminal differentiation
Clinical Study Support
Results 1-5 of 49 Previous 213|als|e|7]a]o] 0] Next Results Per Page{5 v

Figure 7-4: Parameter list screen with pagination and model-based filtering
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Add Parameter

Breast Cancer Oncosimulator

Hyperion

Model Id:

ome W Bevacizumab first administration
Description: Enter Parameter Description

Argument Flag _BV1

Data type Integer v

Unit:

Minimum Value:
Maximum Value:
Default Value: 7
Output

parameter:

Model Executions

Semantic Url http://example.org/hyperion#BV1

Clinical Study Support 87 Comment:

En
— enen
‘ Logout ‘

Figure 7-5: Add/Edit parameter screen. For editing, an extra non-editable field is provided

ter Parameter Comment

showing the UUID of the parameter which is automatically assigned at the time of input.

7.1.1.3 File

To manage the stored files a user must click on the "Files" option from the sidebar.
This will take them to the list of files. In that screen, the user can see in a paginated table all
the stored files. They can also use the drop-down at the top and choose a model to filter the
page content and view the files of the chosen model.

By clicking the "Add File" button on the top left side of the screen, they will be
navigated to the file creation screen. In the presented form, they can enter the information
for the new file. Among the input fields, there is a drop-down field containing the list of all
stored models, which is requested upon loading the screen. It is mandatory for the user to
choose a model, since files are an integral part of a model, as shown in the ER diagram in
chapter 6.2, be it either the model executable itself, a text guide, or a supplementary script.
In that same screen, the user is required to click on the “Choose file” button of the “Source”
field. This will result in a file choosing pop-up from the OS. The user must choose a file and
click “Ok”. After clicking the "Submit" button, the data will be stored in the database, and
the user will be redirected back to the file list screen, where they can view their new entry.
The file itself will be uploaded to Hyperion’s file storage system under the folder
{rootFolderPath}/models/{modelUuid}.

Editing a file is possible from the list screen, by clicking the “Edit” button on the
right side of its row. This leads to the edit screen, where the user can change the file values
and then save the changes to the repository by clicking the “Submit” button. It should be
noted that in that screen, the file itself can be downloaded and only some descriptive
information can be edited.

Deleting a file is possible from the list screen, by clicking the “Delete” on the right
side of the row, which will result in a confirmation pop-up. Once the user clicks “Ok” the
file info is deleted from the database, the file itself is deleted from the file storage and the
list screen is reloaded.
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Hyperion List Files

Model Name: [ Al < ]

Home

/  Dashboard
Breast Cancer Oncosimulator
Name Mod Type Comment
pacae Simple Adder -
adder.exe Simp Executable wie [N
Parameters Wilms Tumor Oncosimulator
wilms.exe Wilms Tumor Oncosimulator Wilms Tumor Oncosimulator executable Executable Edit
Files
TrimeshExample.py  Wilms Tumor Oncosimulator Wilms Tumor Oncosimulator 3D image reconstructor PO Doicte
Model Taxonomy s
|
Reference Results 1-3 of 3 B Next Results Per Page{ 10~/

Edit File

Hyperion

Uuid:
S5a644edd-7b61-4223-944e-2f76f14d2a7f
Home
Model Id:
Dashboard
Name wilms.exe
Models
Desariptiort Wilms Tumor Oncosimulator executable
Parameters q
ez Executable
Files -
Source: Download File
Model Taxonomy License: Enter File Software License
References Checksum: b56e204a7aedcb08d3b2bbf489b8e7b2
Clinical D Supmen Architecture: Windows 32 bit

Comment:

Enter File Comment
Model Executions

Clinical Study Support

Dashboard Add File

Models Model Id: Wilms Tumor Oncosimulator

Parameters (Dpien: Wilms Tumor Oncosimulator executable file
File type:

Files Executable
B Choose file  wilms.exe

Model Taxonomy
License:

Enter File Software License
References

Architecture: Windows 64 bit

Clinical D Support
Comment Enter File Comment
Model Executions
Submi Cancel

¥ loca

Clinical Study Support

« v 4 B > ThisPC > Desktop > Wilms MHA > src > Default
Clinical Studies
Organize ~  New folder

Anonymized P OneDri Name

B tinystro

Patient Partitioning 11K8B
121 KB

Subjects 6/7/2025 1007 up Application 2020KB

B vilmstumor Date created: 5 10:07 pp B
e: 1,97 MB I —

Statistical Analysis
File name: ms.exe

Figure 7-8: Add file screen, with the OS browser open to choose a file to upload

7.1.1.4 Property

To manage the stored properties a user must click on the "Model Taxonomy —
Properties" option from the sidebar. This will take them to the list of properties. In that
screen, the user can see all the stored properties.
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By clicking the "Add Property" button on the top left side of the screen, they will be
navigated to the property creation screen. In the presented form, they can enter the
information for the new property. After clicking the "Submit" button, the data will be stored
in the database, and the user will be redirected back to the parameter list screen, where they
can view their new entry.

Editing a property is possible from the list screen, by clicking the “Edit” button on
the right side of its row. This leads to the edit screen, where the user can change the property
values and then save the changes to the repository by clicking the “Submit” button.

Deleting a property is possible from the list screen, by clicking the “Delete” on the
right side of the row, which will result in a confirmation pop-up. Once the user clicks “Ok”
the property is deleted from the database and the list screen is reloaded. Due to the model-
property many-to-many relationship, if a property is deleted, then the corresponding rows
from the intermediate table will also be deleted, as the pertinent foreign keys are set to
CASCADE mode.

List Properties

Hyperion
Add Property
Semantic
Name Description URL Comment
PERSPECTIVE I: TUMOUR-AFFECTED NORMAL TISSUE MODELLING [N Delete
PERSPECTIVE l: SPATIAL SCALE(S) OF THE MANIFESTATION OF LIFE =i
PERSPECTIVE Ill: TEMPORAL SCALE(S) OF THE MANIFESTATION OF LIFE =l Delete
PERSPECTIVE IV: BIOMECHANISM(S) ADDRESSED = oelete
Model Taxonomy S
PERSPECTIVE V: TUMOUR TYPE(S) ADDRESSED (= Delete
©  Properties "
PERSPECTIVE VI: TREATMENT MODALITY(-IES) ADDRESSED | =l Delete
B Model properties
PERSPECTIVE VII: GENERIC CANCER BIOLOGY — CLINICALLY DRIVEN CHARACTER OF THE MODELLING TN Delete
Referes (&
APPROACH :
Clinical Dec PERSPECTIVE VIll: ORDER OF ADDRESSING DIFFERENT SPATIAL SCALES Cear | N
Model Bxec PERSPECTIVE IX: ORDER OF ADDRESSING DIFFERENT TEMPORAL SCALES it D
& Clinical Study Support PERSPECTIVE X: MECHANISTIC-STATISTICAL CHARACTER OF THE MODELLING APPROACH Edit
JE— PERSPECTIVE XI: DETERMINISTIC-STOCHASTIC CHARACTER OF THE MODELLING APPROACH (T80 Delete
‘ Logout | s
PERSPECTIVE XIl: CONTINUOUS-FINITE-DISCRETE CHARACTER OF THE MATHEMATICS INVOLVED Edit

Figure 7-9: Property list screen

Hyperion

Files
Model Taxonomy

©  Properties

£ Model properties

Edit Property

Uuid:
d6b8364b-9ef3-44ac-b718-c513fedfbfOe
Name:
PERSPECTIVE I: TUMOUR-AFFECTED NORMAL TISSUE MODELLING
Description:
Enter Property Description
Comment:
Enter Property Comment
Semantic Url:

Enter Property Semantic Url

Figure 7-10: Add/Edit property screen. For editing, an extra non-editable field is provided
showing the UUID of the property which is automatically assigned at the time of input.
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7.1.1.5 Model — Property combination

To manage the stored model — property combinations a user must click on the
"Model Taxonomy — Model Properties" option from the sidebar. This will take them to the
list of combinations. In that screen, the user can see all the stored combinations.

By clicking the "Add Property values for a Model" button on the top left side of the
screen, they will be navigated to the combination creation screen. In the presented form,
they must first choose the model of the combination from the drop-down on the top of the
screen. Then they can enter the values for as many properties as they want. Each property-
related set of fields contains an “Add” and a “Remove” button. The user can therefore
manage the number of properties they want to add values for. Since each model — property
combination can only have one value, each time a new field combination of fields is added
for a property, the drop-down list of available properties is updated to contain only the non-
used properties so far. After clicking the "Submit" button, the data will be stored in the
database, and the user will be redirected back to the model — property list screen, where they
can view their new entries.

Editing a model — property combination is possible from the list screen, by clicking
the “Edit” button on the right side of its row. Unlike the add screen, this screen only edits
the chosen combination. The property drop-down field is set up to contain only the available
properties that the model can be related to. In the case that the model of the combination
remains, then the available properties are comprised of the property of the combination, plus
all the non-related ones. In case another model is chosen, then only the non-related
properties are returned.

Deleting a model — property combination is possible from the list screen, by clicking
the “Delete” on the right side of the row, which will result in a confirmation pop-up. Once
the user clicks “Ok” the combination is deleted from the database and the list screen is
reloaded.

List Property values per Model

Hyperion

Add Property values for a Model

@ Home Model id Property id Value

lv  Dashboard Wilms Tumor Oncosimulator PERSPECTIVE V: TUMOUR TYPE(S) ADDRESSED Wilms Tumor Edit Delete

@ Models Wilms Tumor Oncosimulator PERSPECTIVE II: SPATIAL SCALE(S) OF THE MANIFESTATION OF LIFE CELL AND TISSUE Edit Delete

Figure 7-11: Model — property combination list screen

. Edit Property of Model
Hyperion BElLY
Model:
Wilms Tumor Oncosimulator
Property:

[ PERSPECTIVE V: TUMOUR TYPE(S) ADDRESSED v

Value:
Wilms Tumor

Figure 7-12: Model — property combination edit screen
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Add Property values for a Model

Hyperion

Model:

Wilms Tumor Oncosimulator

Property:
PERSPECTIVE V: TUMOUR TYPE(S) ADDRESSED
Value:
Wilms Tumor
EE=
Property:
PERSPECTIVE Il: SPATIAL SCALE(S) OF THE MANIFESTATION OF LIFE
Value:

CELL AND TISSUE

o

Property:

[‘ s/ Propert v

PERSPECTIVE I: TUMOUR-AFFECTED NORMAL TISSUE MODELLING
PERSPECTIVE IIl: TEMPORAL SCALE(S) OF THE MANIFESTATION OF LIFE

PERSPECTIVE IV: BIOMECHANISM(S) ADDRESSED

PERSPECTIVE VI: TREATMENT MODALITY(-IES) ADDRESSED

PERSPECTIVE VIl: GENERIC CANCER BIOLOGY — CLINICALLY DRIVEN CHARACTER OF THE MODELLING APPROACH
PERSPECTIVE VIIl: ORDER OF ADDRESSING DIFFERENT SPATIAL SCALES

PERSPECTIVE IX: ORDER OF ADDRESSING DIFFERENT TEMPORAL SCALES

Figure 7-13: Add model-property combinations screen.

7.1.1.6 Reference

To manage the stored references a user must click on the "References" option from
the sidebar. This will take them to the list of references. By clicking the "Add Reference"
button on the top left side of the screen, they will be navigated to the reference creation
screen. In the presented form, they can enter the information for the new reference. Among
the input fields, there is a drop-down field containing the list of all stored models, which is
requested upon loading the screen. It is mandatory for the user to choose a model, since
references are related to a model, as shown in the ER diagram in the previous chapter. After
clicking the "Submit" button, the data will be stored in the database, and the user will be
redirected back to the reference list screen, where they can view their new entry.

Editing a reference is possible from the list screen, by clicking the “Edit” button on
the right side of its row. This leads to the edit screen, where the user can change the
reference values and then save the changes to the repository by clicking the “Submit”
button.

Deleting a reference is possible from the list screen, by clicking the “Delete” on the
right side of the row, which will result in a confirmation pop-up. Once the user clicks “Ok”
the reference is deleted from the database and the list screen is reloaded.

List References

Hyperion
Add Reference
Model name Title Type Author Issued
Wilms Tumor Towards In Silico Oncology: Adapting a Four Dimensional Nephroblastoma Treatment ~ Journal  G.Stamatakos 10-10- Tl Dcicte
Oncosimulator Model to a Clinical Trial Case Based on Multi-Method Sensitivity Analysis. Paper 2012
Breast Cancer Numerical simulation of vascular tumour growth under antiangiogenic treatment: Journal  GStamatakos 22-03- Edit
Oncosimulator Idressing the paradigm of single-agent bevacizumab therapy with the use of Paper 2016

experimental data

Figure 7-14: Reference list screen
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Add Reference

Hyperion

Model Id:
Wilms Tumor Oncosimulator
Title:
Towards In Silico Oncology: Adapting a Four Dimensional Nephroblastoma Treatment Model to a Clinical Trial Case Bas:
Type:
Journal Paper
Author.
G.Stamatakos

©  Model Taxonomy Issue Date:

& s 10/10/2012 m]
Citation:
B Model Properties
Georgiadi ECh, Dionysiou DD, Graf N, Stamatakos GS. Towards in silico oncology: adapting a four dimensional nephrobl
" References Dol
& Clinical Decision Support v 10.1016/j.compbiomed.2012.08.008
Pmid:
©  Model Executions
23063290
A Clinical Study Support -
ubmil ncel

Figure 7-15: Add/Edit reference screen. For editing, an extra non-editable field is provided
showing the UUID of the reference which is automatically assigned at the time of input.

7.1.2. Clinical Study Repository
7.1.2.1. Clinical Study

To manage the stored clinical studies a user must click on the "Clinical Study
Support — Clinical Studies" option from the sidebar. This will take them to the list of
clinical . In that screen, the user can see in a paginated table all the stored parameters.

By clicking the "Add Clinical Study" button on the top left side of the screen, they
will be navigated to the clinical study creation screen. In the presented form, they can enter
the information for the new clinical study. Among the input fields, there is a drop-down
field containing all stored models, which is requested upon loading the screen. It is
mandatory for the user to choose a model, since clinical studies are conducted using models,
which is shown in the ER diagram in chapter 6.3. After clicking the "Submit" button, the
data will be stored in the database, and the user will be redirected back to the clinical study
list screen, where they can view their new entry.

Editing a clinical study is possible from the list screen, by clicking the “Edit” button
on the right side of its row. This leads to the edit screen, where the user can change the
clinical study values, except for the related model and then save the changes to the
repository by clicking the “Submit” button.

Deleting a clinical study is possible from the list screen, by clicking the “Delete” on
the right side of the row, which will result in a confirmation pop-up. Once the user clicks
“Ok” the clinical study is deleted from the database and the list screen is reloaded.

@ Parameters List Clinical Studies

Files Add Clinical Study

Motk Bammmy S Name Model name Description Comment

Post Treatment 1 Wilms Tumor Determine the effect of prolonged post-treatment time before [0 Delete

[EEEES Oncosimulator operation

Clinical Decision Support A Actinomycin Delay ~ Wilms Tumor Determine the effect of delaying one or both actinomycin Edit
study 1 Oncosimulator administrations in the final tumor reduction

al Questions

CKR-ADP-1 Wilms Tumor Wilms tumor adaptation based on total CKR CKR(total) = (2/5)*CKR(ver) + eait | [
Oncosimulator (3/5)*CKR(act)

Figure 7-16: Clinical Study list screen
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Add Clinical Study

Breast Cancer Oncosimulator v

Model Id:

Name:

BC-CS-1

Description:
Breast Cancer Oncosimuator Clinical Adaptation Study 1
Comment:
Effect of hyperfractionation of administration scheme

Edit Clinical Study
Uuid:
0403e190-df00-418e-91ac-d699ec4a9d74
Model Id:
Name:
Post Treatment 1
Description:

Determine the effect of prolonged post-treatment time before operation

Figure 7-18: Edit Clinical Study screen

7.1.2.2. Anonymized Patients

To manage the stored anonymized patients a user must click on the "Clinical Study
Support — Anonymized Patients" option from the sidebar. This will take them to the list of
anonymized patients. In that screen, the user can see in a paginated table all the stored
patients. They can also use the drop-down at the top and choose a clinical study to filter the
page content and view the patients of the chosen clinical study.

By clicking the "Add Patient" button on the top left side of the screen, they will be
navigated to the patient creation screen. In the presented form, they can enter the
information for the new patient. Among the input fields, there is a drop-down field
containing all clinical studies, which is requested upon loading the screen. It is mandatory
for the user to choose a study, since anonymized patients are only used in the context of
clinical studies, as shown in the ER diagram in chapter 6.3. After clicking the "Submit"
button, the data will be stored in the database, and the user will be redirected back to the
patient list screen, where they can view their new entry.

Editing a patient is possible from the list screen, by clicking the “Edit” button on the
right side of its row. This leads to the edit screen, where the user can change the patient
values and then save the changes to the repository by clicking the “Submit” button.

Deleting a patient is possible from the list screen, by clicking the “Delete” on the
right side of the row, which will result in a confirmation pop-up. Once the user clicks “Ok”
the patient is deleted from the database and the list screen is reloaded.
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Edit Anonymized Patient

U b271eb58-28b3-41eb-8b57-7d56fc7fdad 1
Clinical Study Post Treatment 1
Name:
Patient ID: patient 1-1
Age: 40
Weight (kg): 83
Height (cm): -
Gender: l Male v
Tumor Stage:
A Clinical Study Support

% Clinical Studies

Figure 7-19: Add/Edit anonymized patient screen. For editing, an extra non-editable field is
provided showing the UUID of the anonymized patient which is automatically assigned at
the time of input.

List Anonymized Patients

Clinical Study Name: [ Al - J
Actinomycin Delay study 1
Patient Id Actions
CKR-ADP-1
VP1B
Delete
Post Treatment 1 e Hﬁ
VP2B CKR-ADP-1 N/A T Doicte
vpP3 CKR-ADP-1 N/A Edit
VP2 CKR-ADP-1 N/A Edit |
vP1 CKR-ADP-1 N/A PN Deete
patient 1-3 Post Treatment 1 60 Female T Dolcie
o : . : .
3y g patient 2-1 Actinomycin Delay study 45 Female I Delcte
& Dbruony patient 1-1 Post Treatment 1 40 Male m Delete
Results 1-8 of 8 Previous Nt Results Per Page{ 10 v|

Statistical Analysis

Figure 7-20: Anonymized patient list screen

7.1.2.3. Stratification

To manage the stored stratifications a user must click on the "Clinical Study Support
— Stratifications" option from the sidebar. This will take them to the list of anonymized
patients. In that screen, the user can see in a paginated table all the stored stratifications.
There also two drop-downs to filter the content. First a model can be chosen, so that only
the stratifications of that model are shown. Upon choosing a model, the parameter drop-
down gets populated with the model’s parameters, adding a second filter for the
stratifications.

By clicking the "Add Stratification" button on the top left side of the screen, they
will be navigated to the stratification creation screen. In the presented form, they can enter
the information for the new patient. Taking into account the ER diagram in chapter 6.3, the
creation screen has two mandatory drop-down fields pertaining to the model and the
parameter of the stratification. These two drop-downs work in the same sequential way as in
the list screen. It is also mandatory that a single value or a value range for the chosen
parameter is given. After clicking the "Submit" button, the data will be stored in the
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database, and the user will be redirected back to the stratification list screen, where they can
view their new entry.

Editing a stratification is possible from the list screen, by clicking the “Edit” button
on the right side of its row. This leads to the edit screen, where the user can change the
stratification values and then save the changes to the repository by clicking the “Submit”
button.

Deleting a stratification is possible from the list screen, by clicking the “Delete” on
the right side of the row, which will result in a confirmation pop-up. Once the user clicks
“Ok” the patient is deleted from the database and the list screen is reloaded.

Model Taxonomy ™ . .o .
el Taxonomy List Stratifications
Model Wilms Tumor Oncosimulator Parameter [ Al v ]
Name: Name:
. o _|
VCR_ADMIN_A
Name 1 Model name Parameter name VCR_ADMIN_B Actions
WILMS-DT1 Wilms Tumor Oncosimulator DT_post_treat VCR_ADMIN_C Teae)
= VCR_ADMIN_D
WILMS-VCRA-1 Wilms Tumor Oncosimulator VCR_ADMIN_A [ Edit
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Figure 7-21: Stratification list screen
Model Taxonomy ™ . .o .
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Figure 7-22: Add/Edit stratification screen. For editing, an extra non-editable field is
provided showing the UUID of the stratification which is automatically assigned at the time
of input.

7.1.2.4. Patient Partitioning

Patient partitioning involves creating combinations between anonymized patients
and stratifications, which share a many-to-many relation. To manage these combinations a
user must click on the "Clinical Study Support — Patient Partitioning" option from the
sidebar. This will take them to the list of combinations where the user can see in a paginated
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table all the stored combinations. There also two drop-downs to filter the content based on
either the anonymized patients, or the stratifications.

By clicking the "Add an Anonymous Patient to a Stratification" button on the top
left side of the screen, they will be navigated to the combination creation screen. In the
presented form, they must first choose the anonymized patient of the combination from the
drop-down on the top of the screen. Then they can enter the values for as many
stratifications as they want. Each stratification-related set of fields contains an “Add” and a
“Remove” button. The user can therefore manage the number of stratifications that they
want to add. Since each patient can only participate one in a stratification, each time a new
field combination of fields is added for a property, the drop-down list of available
stratifications is updated to contain only the non-used entities so far. After clicking the
"Submit" button, the data will be stored in the database, and the user will be redirected back
to the combination list screen, where they can view their new entries.

Editing an anonymized patient — stratification is possible from the list screen, by
clicking the “Edit” button on the right side of its row. Unlike the add screen, this screen only
edits the chosen combination. The stratification drop-down field is set up to contain only the
available properties that the patient can be related to. In the case that the patient of the
combination remains, then the available stratifications are comprised of the property of the
combination, plus all the non-related ones. In case another patient is chosen, then only the
non-related stratification are returned.

Deleting an anonymized patient — stratification combination is possible from the list
screen, by clicking the “Delete” on the right side of the row, which will result in a
confirmation pop-up. Once the user clicks “Ok” the combination is deleted from the
database and the list screen is reloaded.

List Anonymized Patient Stratifications

Anonymized | avient 1-1 Stratification [AH

Patient Id: Name: J

WILMS-DT1

Anonymized patient id Stratification name WILMS-VCRA-1
vp3 WT-ACT2-9 WT-ACT2-7

WT-ACT2-8

VP2 WT-ACT2-8
WT-ACT2-9

1 WT-ACT2-7 T Dclc

patient 1-1 WILMS-DT1 ﬂiﬁgﬁ‘

Results 1-4 of 4 o - NOT Results Per Page{ 10 v

Figure 7-23: Anonymized patient — stratification combination list screen
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Value:
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Value:

Enter Stratification Value

Model Executions
Cancel

Figure 7-25: Edit anonymized patient — stratification combination screen

7.1.3.5. Subject

To manage the stored subjects a user must click on the "Clinical Study Support —
Subjects" option from the sidebar. This will take them to the list of subjects. In that screen,
the user can see in a paginated table all the stored subjects. They can also use the drop-
downs at the top as filters and view the subjects related either to an anonymized patient or a
stratification

By clicking the "Add Subject" button on the top left side of the screen, they will be
navigated to the subject creation screen. In the presented form, they can enter the
information for the new subject. When the screen is initially loaded, the user has to choose
the anonymized patient that the subject will be related to. Once that is done, the form will be
updated with the id of the clinical study that the anonymized patient is part of, and the id of
the study’s related model. Due to that, fields corresponding to the model inputs will be
shown to the user, and the stratification drop-down will be populated with the proper
stratifications that are available via the chosen model and its parameters. In addition, once a
stratification is chosen, if it is defined using a default parameter value, that value will
automatically populate the corresponding input field, which will be disable for editing. After
this procedure, the user can fill in the rest of the input variable fields. After clicking the
"Submit" button, the data will be stored in the database, and the user will be redirected back
to the subject list screen, where they can view their new entry.

Editing a subject is possible from the list screen, by clicking the “Edit” button on the
right side of its row. This leads to the edit screen, where the user can change only the input
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values of the model parameters or the stratification. In the case of the latter, the same
mechanism which will hardcode an input value as in the creation screen will be applied.
Then user can then save the changes to the repository by clicking the “Submit” button.

Deleting a subject is possible from the list screen, by clicking the “Delete” on the
right side of the row, which will result in a confirmation pop-up. Once the user clicks “Ok”
the subject is deleted from the database and the list screen is reloaded.
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B Clinical Decision Support Search Add Subject All
WILMS-DT1
Subject Id Anonymized Patient id stre
WILMS-VCRA-1
VP1-5-ddc74d60-Tabe-4cef-a638-205edbacc213 w1 wr
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VP1-S-b6a74e62-5401-4033-a242-42Teaf 1dfe9 P WI wracT2-8
# BrecuteaModel VP1-5-d56fb24b-4daf-4435-8e12-98c02faff13 w1 B Wi
LA J
VP1-S-7e58fa12-dcd2-4d7d-b6a1-d1f1859be823 VP1 WT-ACT2-7 B

VP1-S-4e34e7ff-3e2a-427-9263-56adefod738a VP1 WT-ACT2-7 m

VP1-5-10c9ec77-1bdb-436¢-bae-04436569c6b2 vP1 WT-ACT2-7

VP1-S-feb0825a-71d8-4fd7-a4d0-cd4ddcbAasc vP1 WT-ACT2-7

VP1-S-4fb372ef-adcc-44af-a64b-9aa221ec6754 vP1 WIT-ACT2-7
€ Patient Partitioning

VP1-5-0335fef5-0b5b-4490-9526-fdac4fecfc61 VP1 WIT-ACT2-7
@ subjects

VP1-5-9b497683-8517-4364-8fe2-0acdfo30ee28 vp1 WT-ACT2-7

Results 1-10 of 132 p‘ewous) il Lesiliez] 7l @ leoilog: ] enze] el vaslanee Results Per Page{ 10 v

Figure 7-26: Subject list screen
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Clinical Study Support ~ .
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Figure 7-27: Add subject screen. Upon choosing an anonymized patient the screen will be
updated with the proper input fields, resulting in a similar structure with the Edit screen

Enter File Comment
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Model Taxonomy Edit Su bj ect 2
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Figure 7-28: Edit subject screen

7.1.3. Clinical Decision Support Repository
7.1.3.1. Clinical Question

To manage the stored clinical questions a user must click on the "Clinical Decision
Support — Clinical Questions" option from the sidebar. This will take them to the list of
model descriptions. By clicking the "Add Clinical Question" button on the top left side of
the screen, they will be navigated to the clinical question creation screen. In the presented
form, they can enter the basic textual information for the new clinical question. After
clicking the "Submit" button, the data will be stored in the database, and the user will be
redirected back to the clinical question list screen, where they can view their new entry.

Editing a clinical question is possible from the list screen, by clicking the “Edit”
button on the right side of its row. This leads to the edit screen, where the user can change
the clinical question values and then save the changes to the repository by clicking the
“Submit” button.

Deleting a clinical question is possible from the list screen, by clicking the “Delete”
on the right side of the row, which will result in a confirmation pop-up. Once the user clicks
“Ok” the clinical question is deleted from the database and the list screen is reloaded.
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List Clinical Questions

Hyperion

Add Clinical Question

Text Description Comment
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Delete

Is the active part of tumor under control? Determine treatment effectiveness in reducing the proliferative part of the tumor Edit Delete

Hyperion Edit Clinical Question

Uuid:
fe4e3001-7f53-418-87f7-75¢1f9e232cf
Text:
What is the tumor’s characterization wrt growing?
Description:
Characterize the tumor at question based on classification of its Doubling Time
Comment

Figure 7-30: Add/Edit clinical question screen. For editing, an extra non-editable field is
provided showing the UUID of the clinical question which is automatically assigned at the
time of input.

7.1.3.2. Clinical Question Answer

To manage the stored files a user must click on the "Clinical Decision Support —
Clinical Question Answers" option from the sidebar. This will take them to the list of
answers. In that screen, the user can see in a paginated table all the stored answers. They can
also use the drop-down at the top and choose a model to filter the page content and view the
answers handled by the chosen model.

By clicking the "Add Answers to a Clinical Question" button on the top left side of
the screen, they will be navigated to the answer creation screen. In the presented form, they
must first choose the model that will be used to give the answer to the clinical question from
the drop-down on the top of the screen. Then they can enter the values for as many
questions-answer pairs as they want. For each pair a different question can be chosen each
time, and its answer can be defined based on a certain parameter. Both choices are
mandatory, as explained in chapter 6.4 Value-vise, it is also mandatory to give either a
default value or a value range to define the answer. Each question-answer pair-related set of
fields contains an “Add” and a “Remove” button. The user can therefore manage the
number of pairs they want to add. After clicking the "Submit" button, the data will be stored
in the database, and the user will be redirected back to the clinical question answer list
screen, where they can view their new entries.

Editing an answer is possible from the list screen, by clicking the “Edit” button on
the right side of its row. Unlike the add screen, this screen only edits the pair that is
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represented by the chosen entry. However both the question, the answer and the values can
be changed.

Deleting an answer is possible from the list screen, by clicking the “Delete” on the
right side of the row, which will result in a confirmation pop-up. Once the user clicks “Ok”
the answer is deleted from the database and the list screen is reloaded.
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Figure 7-31: Clinical question answer list screen
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Figure 7-32: Add clinical question answer screen
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Edit Clinical Question Answer

Hyperion
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Clinical Question:
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80
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Figure 7-33: Edit clinical question answer screen.

7.2 Model execution management workflows
7.2.1 Model Execution and Reports

To execute a model, the user must click on the “Model Execution—Execute a
model” option. This will lead them to the Model Execution Wizard. This wizard is
comprised of three different pages

e Model Selection Page: The used chooses a model from the ones stored in the Model
Repository.

e Data Input: After the first step the user is taken to the next screen where they will
enter the input values for the model execution. To that end a call is made to the back
end to retrieve the input parameters of the model. The call’s response data are then
used to construct the form’s fields, in which the input values will be given.
Alternatively, the user can choose a subject from the drop-down menu directly below
the model name field. This drop-down will be active and populated with data if the
model participated in a clinical study. In that case, the input fields will be
automatically filled with the stored parameter values of the subject. Additionally, the
field that holds the parameter which defines the subject’s stratification will be
disabled, as that value cannot be altered due to the stratification’s definition, as
described in chapter 6.4

e Data summary: Prior to the model execution, the user can view the values that will
be sent to the back end to execute the model. Upon clicking “Next” the data will be
submitted and the model execution will start.

The user has also access to the model execution reports. By clicking “Model
Executions” and then “Execution History”, the user will be presented with a list screen
containing all the model executions sorted from the most recent to the oldest. The user can
then click on the “View” button on the desired row, which will bring forth the model
execution report screen. This screen, although different for each model based on the number
and nature of its output parameters has three distinct areas:
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Hyperion Data Input
Model Name: Wilms Tumor Oncosimulator
@ Home e
Sl VP1-5-0d37f6f1-4d3b-432a-8fbf-bSacd0c305ad v
Dashboard VCR_ADMIN_A: 4
Models VCR_ADMIN_B: 12
 Parameters VCR_ADMIN_C: -
Files VCR_ADMIN_D: 26
Model Taxonomy ACEADMIN A 4
ACT_ADMIN_B: 19
References
DT_post_treat: 6
&  Clinical Decision Support ™
IMAGE_DIR: c:\hyperion\storage\files\anonymizedPatients\Of8cdeea-9bed-43c4-ab48-dfbb13!
Model Executions ~
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& Clinical Study Support v

localhost3000/execute __

Figure 7-34: Model Execution Wizard data input screen for the Wilms Tumor
Oncosimulator

e Output files: Usually reserved for graphical representations, this area presents any
content is derived from files that cannot be processed to a higher granularity level
(e.g. CSV files containing numerical data).

e Numerical results: In this part of the report, results taken either directly from
variables or by files containing processable data are presented, using the stored
information in the Model repository, such as parameter names and units to make
them more presentable

e C(linical questions and answers: As described in section 6.4 for the definition of
clinical questions and their answers using models and their parameters, the back end
monitors each model execution when producing the values for its output parameters.
Then it interferes and stores to the model execution results table the pertinent clinical
question and the corresponding answer, depending on these values. Upon the
creation of the report, the textual information from the Clinical Decision Support
Repository is retrieved. This information is used to build a table with all the involved
clinical questions and answers.

Finally, the produced report can be downloaded in PDF format by clicking the
“Download PDF report” from within the Model Execution report screen, or the “Download”
button of the desired row from the list screen.
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Figure 7-35: Model Execution list screen
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Figure 7-36: Model Execution report screen (part 1). The Output file area of the Wilms
Tumor Oncosimulator contains a spinning image of the superimposed images of initial and
final tumor volumes, as well as a tumor volume evolution graph over time.
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Numerical Results

Hyperion

Tumour doubling time (day) 285214
Percentage of initial proliferatiive cells (%) 1338
Percentage of initial dormant cells (%) 1832
Percentage of initial differentiated cells (%) 62.30
Percentage of initial dead cells (%) 600
Percentage of initial tumor growth cells (%) 1424
Percentage of final proliferating cells (%) 556
Model Taxonomy 4 Percentage of final dormant cells (%) 865
Percentage of final differentiated cells (%) 81.11

References

Percentage of final dead cells (%) 468
Clinical Decision Support
Percentage of final tumor growth cells (%) 583

©  Model Bxecutions Predicted tumor volume reduction (%) 8331
#  Execute a Model

Clinical Questions and Answers

B Execution History

What is the tumor’s characterization wrt growing? Rapidly Growing
A Clinical Study Support
Is the active part of tumor under control? Tumor active part shows significant resistance to therapy.

Are additional treatments required? Further treatment may be required to achieve tumor control

‘ Logout |

Is the therapy scheme effective? Major response; near-complete tumor clearance

Figure 7-37: Model Execution report screen (part 2)

7.2.2 Clinical study support.
To further aid in result evaluation from a clinical study comprised of numerous

model executions, graphical representations are required that will provide the relations
between different inputs and outputs among the model’s parameters, as data are collected
and stored from the model executions conducted on Hyperion using the workflow described
in the previous chapter. In order to utilize this functionality, the user can click on “Clinical
Decision Support — Statistical Analysis” which will lead them to the corresponding screen.

To request statistical information about a clinical study, the user must choose values
from the presented drop-downs in this succession: Model — Clinical Study — Stratification
— Anonymized Patient. Choosing a drop-down value from one step will call the back end to
populate the drop-down for the next one. Using the model and clinical study drop-downs are
mandatory, since the manner in which the execution data are stored, in combination with the
structure of the clinical study repository (chapters 6.3 and 6.4), means that data can be
aggregated at a higher granularity level, that being an entire clinical study.

The input and output parameters that will be used to create the graphs depend on the
type of graph that will be chosen. Currently three types of graphs are supported:

e Box Plot: This will produce statistical data regarding the collected values of a single
input or output parameter among the various executions. One element will be
produced per unit of the highest granularity chosen, be it the stratifications of a
clinical study, or the anonymized patients of a stratification.

e Scatter Plot: This graph requires exactly 1 input and exactly 1 output parameter. It
then produces a set containing the combinations (x,y) = (input_parameter value,
output_parameter value) for all the executions that will be found under the highest
granularity entity chosen. Each combination is a plotted point in the graph.

e Pair Plot: Extending the notion of a scatter plot, this choice allows the user to use as
many input and output parameters. If X and Y be the respective amounts then this
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will result in creating (X+Y)* scatter plots which are shown together in a rectangular

grid format, ideally (X+Y) by (X+Y).

As an example the partial reproduction of the work in [1] is considered. Specifically,
a single anonymized patient was entered into the system and a pertinent stratification was
created. Then a number of executions were called using Hyperion’s APIs. There was a set of
initial input values for the Nephroblastoma Oncosimulator taken from bibliography and a
chosen therapy schema defined by the administration time points (in days) of 4 Actinomycin
and 2 Vincristine dosages.

The goal of the clinical study is to clinically adapt the Oncosimulator focusing of the
total cell kill ratio parameter, composed of the cell kill ratio of the two administered drugs
using the following equation set:

CKRr1ota=CKRAc1HCKRycr
CKRACT=(3/5)*CKRTotal
CKRycr=(2/5)* CKRrotal

Therefore a set of executions were registered to Hyperion. These executions were done into
separate runs. Each run followed this specific algorithm:

1) Start with CKRacr = 0.3 and CKR4cr = 0.2. This creates an initial value of 0.5 for
CKRora - Consider also an interval between 0 and 1.

2) Execute the model.

3) If the calculated tumor reduction percentage is not within 5% of the known reduction
then set the new CKR = (lower interval limit + CKR)/2 or CKR = (upper interval
limit + CKR)/2 depending if the calculated value is above, or below the known
value, respectively

4) Repeat until calculated tumor reduction is within 5% of the known one.

In addition to the initial set of values, a number of subject groups was further
considered. Each group was based on a slight deviation of only one of its other input
parameters, randomly  derived from  the interval  [0.5*parameter value,
1.5*parameter value]. 45 groups were formulated in total, resulting in 133 executions. The
results of the pair plot for the parameters Pgym, Psieep, CKRycr, CKRacrand T4 as=re given in
figures 7-38 to 7-42.

For a single scatter plot and a box plot containing multiple elements the results are
given in figures 7-43 and 7-44 respectively

Paglr)r:l:ter Description Rit,‘zll.ﬁl;ce Unit

Tq Doubling time of the tumor (size and cell population) 29 d

T, Cell cycle duration 23 h

Teo Time required for dormant cells to die through necrosis 96 h

Tx Time required for complete necrosis and removal of the 20 h
products from the tumor
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Input .. Reference .
Parameter Description Value Unit
Time required for complete apoptosis and removal of the
Ta 6 h
products from the tumor
% of undifferentiated cells that die by apoptosis per hour
Ra (STEM and LIMP) 0.001 I/h
R pitr % of differentiated cells that die by apoptosis per hour 0.003 1/h
R pitr % of differentiated cells that die by necrosis per hour 0.001 1/h
P % of undifferentiated cells leaving the resting Go phase to re- 001 Uh
GGt enter the cell cycle (STEM and LIMP) '
Max number of mitoses a LIMP cell can undergo before
Nvrive . . .. 3 -
terminal differentiation
Poym % of stem cells that divide symmetrically 0.45 1/h
Pieep % of cells entering Go phase after mitosis (STEM and LIMP) |0.28 1/h
CKRvex Fraction of tumor cells affected by administered vincristine 03 o
dose
CKR cr Fraction of tumor cells affected by administered actinomycin 0.2 o
dose
CKR o Overall fraction of tumor cells affected by administered 05 o
chemotherapy
\A]lc)gl-IN- A Time of 1st vincristine administration 4 days
Xl():gI-IN-B Time of 2nd vincristine administration 11 days
ch)gI-IN- C Time of 3rd vincristine administration 18 days
XIC)?I-IN-D Time of 4th vincristine administration 25 days
ACT- . . . o
ADMIN-A Time of Ist actinomycin administration 4 days
ACT- . . . .. .
ADMIN-B Time of 2nd actinomycin administration 18 days
DT-post- |Duration between last drug administration and simulation 1 davs
treat end (MRI post-chemo) Y

Table 7-1: Initial input values of the Nephroblastoma Oncosimulator
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Figure 7-40: Pair plot results (part 3)
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8. Conclusions

8.1 Discussion

Throughout this thesis, we tackled the difficulties of creating an infrastructure for
hosting, and technologically integrating Oncosimulators, the end goal being to make them
easier and more accessible and understandable to use for both clinical and research practice.
We began from the conceptual foundations of personalized cancer simulation and
progressed to the realization of organized, interoperable frameworks that can manage
sophisticated models, execution data to the scale of a clinical study, and clinical questions.

By developing and deploying solid back end services, database schemas, and user
interfaces, this project delivers an extensible and modular architecture to facilitate
personalized simulation pipelines. This activity not only makes research more compliant
with FAIR principles but also improves the collaboration among model developers and
clinical users.

A central challenge was overcoming the gap from biological complexity to technical
limitations. We addressed this by dividing concerns into distinct components: model
hosting, features facilitating clinical studies, and integration with clinical decision support.
The outcome is a system that is technically robust and clinically meaningful. Looking
forward, future work may involve closer coupling with real-time EHR systems, greater
explainability in simulation results, and extension to multi-disease platforms. Also,
validation of the simulations via larger clinical trials and greater data integration is always a
future aspiration. In summary, this thesis presents a first step toward rendering predictive
simulation a practical, ethical, and effective instrument in personalized medicine. It
establishes the foundations of in silico oncology systems that are intelligent but also
accessible, reliable, and actionable.

8.2 Future expansions

While Hyperion in its current stage demonstrates a basic version of the capabilities
and the benefits of a single-point simulation model management system, the potential of
widespread use in the clinical practice does create a set of specific requirements. While
meeting these requirements is theoretically possible from this version of the application,
certain expansions need to be added to enhance the functionalities and thus its usability as a
day-to-day clinical and research tool.

8.2.1 Optimization for handling multiple executions

To reduce the time needed for handling a large number of executions, for small scale
applications, tools such as virtual thread handling or structured concurrency [1] are offered
by Java to assist in handling tasks such as the one described in chapter 7.2.2. For large
premises, such as a hospital, where theoretically the number of executions can reach up to
thousands per day, proper IT infrastructures need to be in place, while Hyperion must have
its API optimized to be able to communicate with such infrastructures. Usual examples
include the use of tools such as distributed task queues (e.g., RabbitMQ [2], Apache Kafka
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[3]), job orchestration frameworks (e.g., Kubernetes Jobs [4], Apache Airflow [5], Argo
Workflows [6]), and containerization technologies like Docker [7] for packaging and
isolating each execution unit. In such architectures, each execution can be submitted as an
independent job, managed and scaled dynamically based on workload. Additionally, shared
storage systems (e.g., NFS [8], S3 [9]) and centralized logging/monitoring platforms (e.g.,
Prometheus [10], Grafana [11]) are typically employed to ensure reliable data handling,
traceability, and performance monitoring at scale.

8.2.2 Scalable Analysis and Reporting of Model Results
As the volume of model executions increases—particularly in high-throughput

environments such as hospitals, pharmaceutical research facilities, or regulatory bodies—the
volume, complexity, and heterogeneity of resulting data likewise expand. To enable
comprehensive analysis, quality assurance, and longitudinal insights, the system must
evolve beyond its initial output-handling mechanisms. This necessitates the implementation
of ETL (Extract, Transform, Load) pipelines [12], which systematically extract relevant
outcome metrics (e.g., tumor reduction percentages), transform them into normalized or
denormalized formats, and load them into structured storage systems.

In practice, this often involves the creation of flattened analytical schemas within a
separate data warehouse or analytical layer [13], decoupled from the transactional database
used by the Hyperion application. These flattened schemas support efficient querying,
aggregation, and visualization through business intelligence (BI) tools. For example, time-
series analyses, cohort comparisons, and treatment effectiveness dashboards can be
supported through pre-aggregated or indexed views.

In scenarios where the daily volume of results reaches the scale of millions of
records, or where output data includes high-resolution time-series, genomic inputs, or
imaging metadata, Big Data platforms become necessary to ensure scalability. Solutions
such as Apache Spark [14], Hadoop HDFS [15], or cloud-native data warehouses like
Amazon Redshift [16], Google BigQuery [17], and Azure Synapse Analytics [18] provide
the parallel processing, fault tolerance, and distributed storage required for high-
performance data analytics. These tools also facilitate integration with machine learning
workflows, enabling predictive modeling and anomaly detection over large historical
datasets.

Furthermore, a well-designed data processing layer enables automated reporting,
regulatory audit trails, and real-time monitoring dashboards through integration with
platforms such as Grafana or Power BI [19]. The combination of reliable data pipelines,
scalable storage, and analytical computing forms a critical backbone for transforming raw
model outputs into actionable clinical or operational insights.

8.2.3 Integration of Semantic Infrastructure into the Application Layer
To enable the semantic representation and querying of metadata derived from

hypermodel executions, the system can be extended with a semantic data infrastructure as
described in [20] and partially implemented in [21]. Apache Jena [22] is a mature, Java-
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based framework that can be seamlessly embedded into the existing Spring Boot back end
to support RDF data modeling, SPARQL querying, and ontology reasoning. Integration
involves setting up a triplestore (e.g., Jena Fuseki [23]) to host domain-specific ontologies
and execution metadata, along with a structured RDF generation pipeline from execution
outputs. Optionally, inference capabilities can be added using Jena’s built-in rule engine or
OWL reasoners like HermiT [24], allowing enriched querying and knowledge extraction.
This semantic layer facilitates advanced metadata discovery, supports federated queries
across distributed knowledge bases, and aligns with the modular layout proposed in [20] for
interoperability and extensibility in biomedical model management.

8.2.4 From Model-Based Clinical Questions to AI-Driven Hyper-Questions
In the current implementation of the Hyperion system, clinical hypotheses are

typically formulated as targeted questions based on single or narrowly defined model
parameters. Each question involves a specific parameter or a small set of predefined values
(e.g., tumor volume threshold, drug concentration) and evaluates the outcome of a single
model execution to determine an answer. While this provides deterministic, reproducible
results and ensures interpretability, it limits the scope and depth of analysis in complex
clinical scenarios where multiple variables interact and where combinatorial parameter
spaces must be explored.

To overcome these limitations, a more scalable and intelligent system for
formulating and answering clinical questions is required. This entails a paradigm shift from
isolated, parameter-bound queries to what may be termed Al-assisted hyper-questions—
questions that integrate multiple input parameters, models, and patient-specific features
simultaneously. These hyper-questions can probe more complex hypotheses such as “What
treatment plan maximizes tumor regression across a specific genetic profile and
comorbidity index within 6 months? "—a task infeasible to address with single-parameter
reasoning.

A critical enabler of this transition is the integration of artificial intelligence and
machine learning frameworks into the existing simulation pipeline. Techniques such as
Bayesian optimization [25], genetic algorithms [26], or reinforcement learning [27] can be
employed to intelligently navigate large multidimensional parameter spaces and propose
optimal value combinations. These Al agents can be trained to identify influential variables,
propose novel parameter constellations, or prioritize combinations based on prior results,
clinical constraints, or patient stratification.

In parallel, ensemble learning [28] or multi-model decision systems [29] can be
incorporated to aggregate predictions from different simulation models (e.g.,
pharmacokinetics, cell population dynamics, immune response), enabling a unified response
to hyper-questions that depend on multiple biological dimensions. This approach is
particularly suited for hypermodels, as defined in [30], which combine different modeling
techniques and data levels (molecular, tissue, patient-level) into a coordinated predictive
framework.
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The overall architecture to support hyper-question formulation requires not only Al
algorithms but also an expressive query layer, ideally leveraging semantic technologies and
ontologies to represent concepts, constraints, and model relationships [31]. This allows
domain experts to express clinical hypotheses in human-readable terms that are internally
mapped to computational queries over multiple models and datasets.mSuch an infrastructure
enhances the scientific value and translational potential of the Hyperion platform. It enables
automated hypothesis generation, adaptive model selection, and multi-scale optimization,
making it suitable for real-time clinical decision support in precision oncology. Importantly,
the system retains human-in-the-loop transparency, as Al-generated hypotheses or optimal
combinations can always be traced back to underlying data and model rationale.
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Appendix A: Hyperion database table structures

anonymized_patient

Field Type Description

id int Primary key of the table
uuid

clinical_study id | int

varchar(45) Unique identifier of the anonymized patient

Id of the clinical study the patient is part of
(Foreign Key to clinical study table)

patient _id varchar(1000) | Given id of the patient

age int Patient age in years

weight int Patient weight in kilos

height int Patient height in cm

gender int Patient gender

tumor_stage varchar(1000) | Patient initial tumor stage

log date timestamp Date and time of first log entry
last_edited timestamp Date and time of last entry edit

anonymized_patient_stratification

Field Type Description
id int Primary key of the table
uuid varchar(36) Unique identifier of the combination

anonymized patient id | int

Id of the anonymized patient (Foreign key to
anonymized patient table)

stratification_id int Id of the stratification (Foreign key to
stratification table)

value varchar(1000) | Combination value

log date timestamp Date and time of first log entry

last edited timestamp Date and time of last entry edit

clinical_question

Field Type Description

id int Primary key of the table

uuid varchar(36) Unique identifier of the clinical question

text varchar(1000) | Clinical question text

description | varchar(1000) | Clinical question description

comment | varchar(1000) | Clinical question comment

log date timestamp Date and time of first log entry

last_edited | timestamp Date and time of last entry edit

clinical_question_answer

Field

Type

Description

id

nt

Primary key of the table
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uuid

varchar(36) Unique identifier of the answer

model id

Int

Id of the related model (Foreign key to model
table)

clinical question id | int

Id of the clinical question that the answer
relates to (Foreign key to clinical question
table)

parameter_id

int

Id of the parameter that the answer is based on
(Foreign key to parameter table)

answer varchar(1000) | Answer text
min_value varchar(45) Minimum parameter value for the answer
max_value varchar(45) Maximum parameter value for the answer

default value

varchar(45) Default parameter value for the answer

log date timestamp Date and time of first log entry

last edited timestamp Date and time of last entry edit

clinical_study

Field Type Description

id int Primary key of the table

uuid varchar(36) Unique identifier of the clinical study

model id | int Id of the model the clinical study relates to (Foreign key
to model table)

name varchar(1000) | Clinical study name

description | varchar(1000) | Clinical study description

comment | varchar(1000) | Clinical study comment

log date timestamp Date and time of first log entry

last edited | timestamp Date and time of last entry edit

flyway_schema_history

Field

Description

Type

installed rank | int

A unique, incrementing number that represents the
order in which the migration was applied.

version varchar(50) The version of the migration, as defined in the
migration script filename (e.g., 1, 2.1, 3.4.5).

description varchar(200) | Description of the migration, extracted from the
script name (e.g., Create user table).

type varchar(20) Type of migration. Possible values: SQL, JDBC,
UNDO, REPEATABLE.

script varchar(1000) | The name of the migration script file that was
applied (e.g., V1 __ create user table.sql).

checksum int Checksum calculated from the script contents to

detect changes in migration files.
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installed by varchar(100) | The database user that applied the migration.

installed on timestamp The timestamp when the migration was applied.

execution_time | int The time taken (in milliseconds) to execute the
migration.

success tinyint(1) Indicates whether the migration was successfully
applied (1 = success, 0 = failure).

model

Field Type Description

id int Primary key of the table

uuid varchar(36) Unique identifier of the model

name varchar(1000) | Model name

description | varchar(1000) | Model description

comment varchar(1000) | Model comment

log date timestamp Date and time of first log entry

last_edited | timestamp Date and time of last entry edit

model_execution

Field Type Description

id int Primary key of the table

uuid varchar(36) | Unique identifier of the model execution

model id | int Id of the execution model (Foreign key to model table)
subject id | int Id of the execution subject (Foreign key to subject table)
status int Status of the model execution

log date timestamp | Date and time of first log entry

last_edited | timestamp | Date and time of last entry edit

model_execution_result

Field Type Description

id int Primary key of the table

model i1d int Id of the model (Foreign key to model
table)

model execution_id int Id of the model execution that contains the
result (Foreign key to model execution
table)

parameter_id int Id of the result’s parameter (Foreign key
to parameter table)

parameter value varchar(1000) | Value of the result’s parameter

clinical question_id int Id of the clinical question related to
result’s parameter (Foreign key to
clinical question table)

clinical question_answer | int Id of the answer of the clinical question
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id based on the parameter’s value (Foreign
key to clinical question_answer table)

log date timestamp Date and time of first log entry

last_edited timestamp Date and time of last entry edit

model_file

Field Type Description

id int Primary key of the table

uuid varchar(36) Unique identifier of the file

model id int Id of the model the file refers to (Foreign key to model
table)

name varchar(255) | File name

description | varchar(1000) | File description

type int File type

source varchar(255) | Location of the source file within the file system

license varchar(1000) | Licence of the file (applicable for code/executables)

checksum | varchar(255) | File checksum

architecture | int Build architecture of the file (applicable for executables)

comment varchar(1000) | File comment

log date timestamp Date and time of first log entry

last_edited | timestamp Date and time of last entry edit

model property

Field Type Description

id int Primary key of the table

uuid varchar(36) Unique identifier of the combination

model id int Id of the combination’s model (Foreign key to model
table)

property id | int Id of the combination’s property (Foreign key to
property table)

value varchar(1000) | Combination’s value

log date timestamp Date and time of first log entry

last edited | timestamp Date and time of last entry edit

parameter

Field Type Description

id int Primary key of the table

uuid varchar(36) Unique identifier of the parameter

model id int Id of the model the parameter is part of

(Foreign key to model table)
name varchar(1000) | Parameter name
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description varchar(1000) | Parameter description

container_parameter id | int Id of the parameter that contains the
parameter (applicable for files that contain
parameters values — Self reference foreign
key)

argument_flag varchar(1000) | Parameter argument flag used for the model
execution statement

data_type int Parameter data type

unit varchar(45) Parameter unit

min_value varchar(45) Parameter minimum value

max_value varchar(45) Parameter maximum value

default value varchar(45) Parameter default value

is_output tinyint(1) Parameter characterization input/output

semantic_url varchar(1000) | Semantic url of the parameter

comment varchar(1000) | Parameter comment

log date timestamp Date and time of first log entry

last edited timestamp Date and time of last entry edit

property

Field Type Description

id int Primary key of the table

uuid varchar(36) Unique identifier of the property

name varchar(1000) | Property name

description varchar(1000) | Property description

semantic_url | varchar(1000) | Semantic url of the property

comment varchar(1000) | Property comment

log date timestamp Date and time of first log entry

last_edited timestamp Date and time of last entry edit

reference

Field Type Description

id int Primary key of the table

uuid varchar(36) Unique identifier of the reference

model id | int Id of the reference’s model (Foreign key to model table)

title varchar(1000) | Reference title

type varchar(1000) | Reference type

author varchar(1000) | Reference author

issued date Reference issue date

citation varchar(1000) | Reference citation

doi varchar(1000) | Reference doi

pmid varchar(1000) | Reference pmid

log date timestamp Date and time of first log entry
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last_edited | timestamp Date and time of last entry edit

stratification

Field Type Description

id int Primary key of the table

uuid varchar(36) Unique identifier of the stratification

name varchar(1000) | Stratification name

model id int Id of the related model (Foreign key to model table)

parameter_id | int Id of the related parameter (Foreign key to parameter
table)

default value | varchar(1000) | Default parameter value of the stratification

min_value varchar(1000) | Minimum parameter value of the stratification

max_value varchar(1000) | Maximum parameter value of the stratification

comment varchar(1000) | Stratification comment

log date timestamp Date and time of first log entry

last edited timestamp Date and time of last entry edit

subject

Field Type Description

id int Primary key of the table

uuid varchar(36) Unique identifier of the subject

subject id varchar(1000) | Given Id of the subject

anonymized patient id | int Id of the subject’s anonymized patient

(Foreign key to anonymized patient table)
stratification_id int Id of the subject’s stratification (Foreign key
to stratification table)

comment varchar(1000) | Comment for the subject

log date timestamp Date and time of first log entry

last_edited timestamp Date and time of last entry edit

subject _file

Field Type Description

id int Primary key of the table

uuid varchar(36) Unique identifier of the subject file

subject_id int Id of the combination’s subject (Foreign key to subject
table)

parameter_id | int Id of the combination’s parameter (Foreign Key to
parameter table)

name varchar(255) | File name

description varchar(1000) | File description

type int File type

source varchar(255) | Location of the source file within the file system
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checksum varchar(255) | File checksum
comment varchar(1000) | File comment
log date timestamp Date and time of first log entry
last_edited timestamp Date and time of last entry edit

subject_parameter

Field Type Description

id int Primary key of the table

subject id int Id of the combination’s subject (Foreign Key to subject
table)

parameter id | int Id of the combination’s parameter (Foreign Key to
parameter table)

value varchar(100) | Combination’s value

log date timestamp Date and time of first log entry

last_edited timestamp Date and time of last entry edit

user

Field Type Description

id int Primary key of the table

username | varchar(255) | Username of the user

password | varchar(255) | Password of the user (encrypted)

role varchar(255) | User role in the system

log date timestamp Date and time of first log entry

last_edited | timestamp Date and time of last entry edit
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Appendix B: List of Abbreviations

ACGT - Advancing Clinico-Genomic Trials on Cancer

ACID — Atomicity, Consistency, Isolation, Durability

Al — Artificial Intelligence

API — Application Programming Interface

BI — Business Intelligence

CDISC — Clinical Data Interchange Standards Consortium

CDM - Common Data Model

CDSS — Clinical Decision Support System

CHIC - Computational Horizons In Cancer

CSV — Comma-Separated Values

CPOE - Computerized Provider Order Entry

ContraCancrum — Clinically Oriented Translational Cancer Multilevel Modelling
CRISPR - Clustered Regularly Interspaced Short Palindromic Repeats
CRUD - Create, Read, Update, Delete

CSCO AI - Chinese Society of Clinical Oncology Artificial Intelligence
DDD — Domain-Driven Design

DMS — Data Management System

DOM - Document Object Model

EHR - Electronic Health Record

ER - Entity Relationship

ETL — Extract-Transform-Load

FAIR - Findability, Accessibility, Interoperability, Reusability
FP7 — Seventh Framework Programme of the European Community for research and
technological development and demonstration activities

GDPR - General Data Protection Regulation

GPOH - Clinical Trials in Paediatric Oncology and Haematology
GUI - Graphical User Interface

HDFS — Hadoop Distributed File System

HIPAA — Health Insurance Portability and Accountability Act
HPC — High Performance Computing

HTTP — Hypertext Transfer Protocol

HTTPS — Hypertext Transfer Protocol Secure

ICCS - Institute of Communication and Computer Systems

IEC — International Electrotechnical Commission

ISO — International Organization for Standardization

JSON — JavaScript Object Notation

JWT — JSON Web Token

LOINC — Logical Observation Identifiers Names and Codes
MCR - MATLAB Compiler Runtime

MD - Doctor of Medicine

ML — Machine Learning

MRI — Magnetic Resonance Imaging

MTYV — Model-Template—View

MVC - Model-View—Controller

NCCN — National Comprehensive Cancer Network

NFS— Network File System
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NIH — National Institutes of Health

NTUA — National Technical University of Athens

OMOP - Observational Medical Outcomes Partnership
ORM - Object—Relational Mapping

OS — Operating System

OWL - Web Ontology Language

PDF — Portable Document Format

PET — Positron Emission Tomography

PICO - Patient, Intervention, Comparison, Outcome
PICOT - Patient, Intervention, Comparison, Outcome, Timeframe
RDBMS — Relational Database Management System
RDF — Resource Description Framework

REST — Representational State Transfer

SIOP — International Society of Pediatric Oncology
SNOMED CT - Systematized Nomenclature of Medicine — Clinical Terms
SPARQL — SPARQL Protocol and RDF Query Language
SPARQL-DQP — SPARQL Distributed Query Processing
UI — User Interface

URL — Uniform Resource Locator

UUID - Universally Unique Identifier

VEGF — Vascular Endothelial Growth Factor

VPN — Virtual Private Network

VPHi — Virtual Physiological Human Institute

WFO — Watson for Oncology

XML - Extensible Markup Language

EMII - EOviké Metoopro [Torvteyveio

EIIIZEY — Epegvvnrikov Iavemotpiokov Ivetitovtov Zvomudrtov Extkowvoviov kot
YnoAoylotdv
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e Christodoulou NA, Tousert NE, Georgiadi EC, Argyri KD, Misichroni FD,
Stamatakos GS. A Modular Repository-based Infrastructure for Simulation Model
Storage and Execution Support in the Context of In Silico Oncology and In Silico
Medicine. Cancer Inform. 2016 Oct 27;15:219-235. doi: 10.4137/CIN.S40189.
PMID: 27812280; PMCID: PMC5084707.

e Bucur A, van Leeuwen J, Christodoulou N, Sigdel K, Argyri K, Koumakis L, Graf
N, Stamatakos G. Workflow-driven clinical decision support for personalized
oncology. BMC Med Inform Decis Mak. 2016 Jul 21;16 Suppl 2(Suppl 2):87. doi:
10.1186/s12911-016-0314-3. PMID: 27460182; PMCID: PMC4965727.

2. Publications in conference proceedings:
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of a Personal Health Record Platform can Enable and Enhance the Provision of
Personalized Medical Treatment. VPH2016, book of abstracts, University of
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e N. A. Christodoulou and G. S. Stamatakos, "A modular semantic infrastructure
layout for the management of hypermodel-pertinent metadata in the context of In
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